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Traumatic brain injury (TBI) affects millions of people every year. Injuries canhave a range of severities
from mild to severe, but all injuries have the potential to result in lasting cognitive deficits. The underlying
cause of these deficits is not known, but many of the symptoms people experience is in hippocampaldependent behavior. One cellular candidate for mediating this hippocampal dysfunction is adult
neurogenesis - a process known to be 1) affected by other types of injury, 2) involved in dentate gyrusdependent cognitive function, and 3) modulated by microglia-mediated inflammation. In this thesis, I
investigated how a mild TBI (mTBI) impacts adult neurogenesis and microglia populations in the dentate
gyrus. Adult male mice were given lateral fluid percussion injury (LFPI) or Sham surgery and injected with
BrdU 3 days post-injury (dpi). Mice were sacrificed 3, 7, or 31 dpi, and brain tissue was stained for Ki67,
DCX, BrdU, and Iba1 to examine numbers of proliferating cells, immature neurons, surviving cells, and
microglia, respectively. I found that after mild LFPI, there is an increase in Ki67+ cells 3 dpi; DCX+ cells 7
dpi; and BrdU+ cells 31 dpi. There was also an increase in Iba1+ cells 3 dpi. Together, these data suggest
a transient increase in proliferation and neurogenesis, leading to increased survival of newborn neurons in
injured mice, and this neurogenic increase is accompanied by microglial activation at the short-term time
point. These results provide essential spatiotemporal detail to the literature on injury-induced
neurogenesis and identify a therapeutically relevant window for immune modulation.
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Abstract

TEMPORAL ANALYSIS OF NEUROGENESIS AND MICROGLIA CHANGES
AFTER MILD TRAUMATIC BRAIN INJURY
IN THE ADULT MALE C57BL/6J MOUSE
Lyles R. Clark
Amelia J. Eisch
Traumatic brain injury (TBI) affects millions of people every year. Injuries can
have a range of severities from mild to severe, but all injuries have the potential
to result in lasting cognitive deficits. The underlying cause of these deficits is not
known, but many of the symptoms people experience is in hippocampaldependent behavior. One cellular candidate for mediating this hippocampal
dysfunction is adult neurogenesis - a process known to be 1) affected by other
types of injury, 2) involved in dentate gyrus-dependent cognitive function, and 3)
modulated by microglia-mediated inflammation. In this thesis, I investigated how
a mild TBI (mTBI) impacts adult neurogenesis and microglia populations in the
dentate gyrus. Adult male mice were given lateral fluid percussion injury (LFPI) or
Sham surgery and injected with BrdU 3 days post-injury (dpi). Mice were
sacrificed 3, 7, or 31 dpi, and brain tissue was stained for Ki67, DCX, BrdU, and
Iba1 to examine numbers of proliferating cells, immature neurons, surviving cells,
and microglia, respectively. I found that after mild LFPI, there is an increase in
Ki67+ cells 3 dpi; DCX+ cells 7 dpi; and BrdU+ cells 31 dpi. There was also an
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increase in Iba1+ cells 3 dpi. Together, these data suggest a transient increase in
proliferation and neurogenesis, leading to increased survival of newborn neurons
in injured mice, and this neurogenic increase is accompanied by microglial
activation at the short-term time point. These results provide essential
spatiotemporal detail to the literature on injury-induced neurogenesis and identify
a therapeutically relevant window for immune modulation.
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Chapter 1 - Introduction
This dissertation involves changes in neurogenesis and microglia in the adult
mouse hippocampus after a mild traumatic brain injury. In order to prepare the
reader for understanding the data chapters, in this introduction I discuss
background information related to 1) Traumatic brain injury and
consequences to the nervous system; 2) the hippocampus and its circuitry,
function, and dentate gyrus (DG) subregion; 3) the process of adult
neurogenesis and its role in DG physiology and function, and how it is
impacted by brain trauma; and 4) microglia and their role in shaping the
inflammatory response to injury and the process of neurogenesis.

1.1 Traumatic brain injury severity and diagnosis
The Centers for Disease Control define TBI as “a disruption in the normal
function of the brain that can be caused by a bump, blow, or jolt to the head, or
penetrating head injury” https://www.cdc.gov/traumaticbraininjury/. Injuries can
have a variety of different mechanisms, and range from mild to moderate to
severe. Determination of injury severity is typically assessed at the time of
presentation in a clinical setting, most commonly using a tool called the Glasgow
Coma Scale (GCS). The GCS is scored out of 15 possible points, with higher
scores indicating less impairment (15 = no impairment). Points are awarded in
1

three categories: eyes, verbal, and motor; patients score maximum points if they
can spontaneously/coherently produce responses in each category. Scores from
13-15 are classified as mild; 9-12 are classified as moderate; and 8 or below are
deemed severe. An alternative approach to classifying TBI severity is based on
the duration of loss of consciousness: 0-30 minutes is mild, 30 minutes to 6
hours is moderate, and greater than 6 hours is severe (O’Neil et al. 2014).
Importantly, both of these methods consider only duration and severity of acute
symptoms immediately after injury. The heterogeneity of recovery from TBI
means that initial injury severity is not predictive of clinical outcomes; therefore,
the Glasgow Outcome Scale (GOS) was developed as a way of assessing
relevant outcomes after injury. The GOS is scored on a scale from 1 to 5, with 5
being the least impaired (1: death; 2: persistent vegetative state; 3: severe
disability; 4: moderate disability; 5: good recovery). This scale is relatively crude,
and doesn’t provide much information about specific difficulties patients
experience after injury. Other tools have been developed to try to assess
symptoms more specifically, such as the Quality of Life After Brain Injury
(QOLIBRI) questionnaire. However, all of these tools are merely descriptive and
don’t address the needs of the patient.

2

1.1.1 TBI as a public health issue
1.1.1.1

Overall stats/demographics

While it is difficult to estimate the total number of TBIs globally, the CDC reported
approximately 2.8 million diagnosed TBIs in 2014 in the United States (C. A.
Taylor et al. 2017). The true number of brain injuries is certainly much higher, as
this number does not include people who did not seek medical attention. In fact,
approximately 75% of reported brain injuries are classified as mild TBIs or
concussions (Daneshvar et al. 2011). Globally, the number of annual brain
injuries is massive. One study published over a decade ago estimated
approximately 10 million annual TBIs globally (Hyder et al. 2007). These
numbers are likely underestimates of the true extent of brain injuries, but it is
clear that TBI is a global public health issue.

1.1.1.2

Societal impact - social and financial consequences

Brain injuries can have significant lasting effects on both the individuals who
experience the injury and their community. From a healthcare cost perspective,
sustaining a brain injury can be incredibly expensive. In the United States,
patients diagnosed with a mild TBI had a mean follow-up cost of over $13,000,
and the cost for older patients was even higher (Pavlov et al. 2019). Presumably,
more severe injuries would come with even higher follow-up costs. Beyond
individual financial burden, there is an increased rate of incarceration among
3

individuals who had a prior TBI. In Ontario, Canada, from 1997 to 2011, people
who sustained a brain injury were 2.5 times more likely to be incarcerated than
people who had not had a brain injury (McIsaac et al. 2016). Incarceration has
devastating effects on communities: tearing families apart, preventing people
from voting in certain places, traumatizing everyone connected to the carceral
system, among countless other negative impacts. Rather than dealing with
“criminal activity” by traumatizing already marginalized people with a punishmentbased carceral system, we should be finding ways to help them navigate their
challenges in life - brain injured or not.

1.1.2 CNS consequences of TBI
TBIs can induce region-dependent, severity-dependent consequences to the
central nervous system (Wilson, Pettigrew, and Teasdale 2000; Arciniegas, Held,
and Wagner 2002; Fife 1987; Vos, Nieuwenhuijsen, and Sluiter 2018; Stocchetti
and Zanier 2016). Among these CNS consequences of TBI are changes in the
hippocampus - a brain region involved in memory and mood regulation.
Therefore in the subsections below, I will focus on consequences that have
relevance to the hippocampus and hippocampus-relevant functioning.

4

1.1.2.1

Cognitive consequences

One of the most consistent and well-documented effects of TBI is disruption of
cognitive function. This has been observed in both humans and animal models of
TBI. I will start by discussing symptoms observed in humans, and then describe
what has been observed in animal models of brain injury.
1.1.2.1.1

Humans

There is a vast range of severity, duration, and type of symptoms people
experience after sustaining a TBI, and there is currently no way to predict who
will make a full recovery and who will continue to experience symptoms long after
their body has “healed” (Mayer, Quinn, and Master 2017). After mild injuries,
many people go on to to develop post-concussion syndrome (PCS), but even this
is ill-defined: diagnosis is usually based on self-reported symptoms of headache,
dizziness, fatigue, irritability, difficulty concentrating, memory impairment,
insomnia, or intolerance to stress, emotion, or alcohol (Katz, Cohen, and
Alexander 2015). A recent study found approximately a third of children and
adolescents who experienced mTBI exhibited signs of PCS 6 months later
(Riemann et al. 2021). However, the lack of standardization and clinical
consensus on the diagnosis and prevalence of PCS has led to mixed messages
about the physiological or psychological nature of the syndrome. In fact, these
mixed messages themselves give patients who do experience lasting symptoms
significant anxiety; fortunately, recent work demonstrates that this anxiety is
responsive to cognitive behavioral therapy (King and Coates 2021). Complicating
5

this issue even further, there is evidence that the symptoms reported depends on
the type of assessment being used, further contributing to the lack of
standardization in the field (Emmert et al. 2021).

More systematic studies of TBI-induced symptoms can be grouped into 3 general
categories: somatic, cognitive, and emotional. One of the most prominent
somatic symptoms after TBI is headache (Maleki et al. 2021), but injuries can
result in other somatic symptoms including sensitivity to noise (Shepherd et al.
2021) and GI dysfunction (You et al. 2021). Affective/emotional symptoms are
also very common after brain injuries of all severities (McCorkle, Barson, and
Raghupathi 2021; Malkesman et al. 2013; Riggio 2011). For example, TBI can
lead to major depression/mood disorders (Fakhoury et al. 2021; Jorge et al.
2004; Jorge and Arciniegas 2014); irritability (Bazarian et al. 2009); aggression
(Rao et al. 2009); and poor impulse control (Schindler et al. 2021). The most
commonly studied domain of symptoms after TBI is cognitive. There’s a large
range of cognitive symptoms that TBI patients experience, both in terms of
duration and severity (Schultz, Tate, and Perdices 2021; Brett et al. 2021).
However, cognitive impairment is typically observed in processes such as
episodic memory (D’Angelo, Ober, and Shenaut 2021; Fortier-Lebel et al. 2021;
Cardoso et al. 2019; Schultz, Tate, and Perdices 2021), executive function (M.-L.
Wang et al. 2021; Cardoso et al. 2019; Schultz, Tate, and Perdices 2021), and
attention (M.-L. Wang et al. 2021; Schultz, Tate, and Perdices 2021).
6

Consequently, these are the symptoms researchers attempt to replicate and
study in animal models of brain injury.
1.1.2.1.2

Animals

Animal models of TBI (see section below) produce cognitive deficits similar to
those seen in humans who have sustained brain injuries. Memory-related deficits
are some of the most commonly studied (reviewed in (Paterno, Folweiler, and
Cohen 2017)), perhaps due to the availability of memory-related behavioral
assays for rodents. However, learning and memory are not the only domains
affected by TBI; different categories of dysfunction are explored below.

1.1.2.1.2.1

Gross dysfunction

Animal models of TBI don’t afford the privilege of asking about symptoms after
injury, so the experimenter must observe carefully to notice any kinds of deficits.
One of the most broad tools for observing injured animals for injury-induced
dysfunction is the neurological severity score (NSS), which is somewhat similar
to the GCS in humans, and correlates with injury severity (Tsenter et al. 2008).
The NSS and modified NSS include tasks that assess sensory, motor, balance,
and reflex function (J. Chen et al. 2001; Beni-Adani et al. 2001). Because this
tool was designed specifically to test functional deficits in mice after TBI, injured
mice have a higher NSS than uninjured mice (for example: (Zhang et al. 2018)).
Assessment of gross function is not standardized across the TBI literature, but
7

some groups report righting reflex time: the time it takes for an injured rodent to
regain consciousness. When reported, this time is usually longer in injured vs
Sham animals (Yoshimura et al. 2003; Correll et al. 2021; L. B. Ngwenya et al.,
n.d.; D. Sun et al. 2015; Fenn et al. 2015; D. Sun et al. 2010, 2009; Nichols et al.
2016). Other gross functional assessments vary based on the goals of the study,
but there is evidence that general exploratory behavior is decreased after injury
(Paterno, Metheny, and Cohen 2018).

1.1.2.1.2.2

Emotional/affective dysfunction

Cued fear conditioning is a behavioral task that involves the amygdala, where
emotional stimuli are processed. In this test, an animal is presented with a
stimulus (commonly a light and/or tone) plus a foot shock; the animal is later
exposed to the same stimulus, and freezing is measured as a way to assess
behavioral threat response. When mice were tested 6-7 days post-injury, injured
mice froze less than their sham counterparts in response to the conditioned
stimulus (Palmer et al. 2016), suggesting a deficit in fearful threat response.
Other emotional dysfunction reported in TBI animals includes anhedonia (Cope
et al. 2012), depression/helplessness (Milman et al. 2005; A. N. Taylor et al.
2006), and anxiety (Schwarzbold et al. 2010). This topic has been excellently
reviewed elsewhere (Malkesman et al. 2013; McCorkle, Barson, and Raghupathi
2021).
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1.1.2.1.2.3

Cognitive dysfunction: learning and memory

The majority of research using animal models of TBI focuses on injury-induced
learning and memory dysfunction. Working memory involves holding salient
information in the brain for a short period of time. This can be tested in mice
using a delayed non-match to sample T-maze test, where the mouse is placed in
a T-maze and finds a reward in one arm of the maze. The mouse is then placed
back at the start (base) of the maze, but it needs to go to the other arm to find the
reward this time. If the mouse can remember where the reward was in the first
trial, it can find the reward in the subsequent trial. When mice were tested in this
task for 7 days following injury, injured animals performed worse than their sham
counterparts, suggesting a deficit in working memory (C. J. Smith et al. 2015).

Contextual fear conditioning is a behavioral task similar to cued fear conditioning,
but rather than associating a foot shock with a cue stimulus, animals learn to
associate the shock with a specific context. This hippocampal-dependent
behavior is disrupted both when mice are trained before or after the injury
(Witgen et al. 2005; Lifshitz, Witgen, and Grady 2007), referred to respectively as
retrograde and anterograde amnesia.

Spatial memory in rodents can be specifically tested with the novel object
location task. The animal is placed in a cage with (2-3) unique/distinct objects
and allowed to explore. After a delay (which can be adjusted to modify the
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difficulty of the task), the animal is placed back into the cage, where one of the
objects has been moved. Because rodents are drawn to novelty, typical rodents
will explore the moved object, recognizing that its location is different than before.
When tested 7 days after TBI, injured mice have a decreased discrimination
index (a measure of how much they prefer exploring the object in the novel
location), suggesting a deficit in spatial memory (Paterno, Metheny, and Cohen
2018; Folweiler et al. 2018).

Pattern separation is a concept that has received a lot of attention in the past
several years, but is defined differently depending on the context. Originally a
computational idea, it is simply the phenomenon of discriminating two similar
inputs into two distinct and less similar outputs. Different research groups have
tried to test this behaviorally in rodents using a variety of different tasks; one
such task is the delayed non-match to sample radial arm maze. Its essence is
very similar to the T-maze described above for working memory, but with many
more arms extending out radially from the center. This allows for modulation of
the difficulty of the task: the experimenter can control which arms are open, and
how far separated they are from each other. In general, the closer the arms are
to each other (the more similar the contextual input), the more difficult the task is.
It has been proposed that a key feature of pattern separation behavioral tasks is
the ability for performance differences to emerge at different difficulty levels. In
line with this, a recently published study found that sham and injured rats did not
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show performance differences on an easier version of the DNMTS radial arm
maze, but injured rats performed worse on the more difficult version of the task,
suggesting deficits in behavioral pattern separation after TBI (Correll et al. 2021).

One exciting new avenue of rodent behavioral testing utilizes a programmable
touchscreen system where mice can use nose pokes to select a square in a grid
after a huge range of different training paradigms (Oomen et al. 2013; Mar et al.
2013; Horner et al. 2013). One study did try to use this approach to test paired
associative learning and location discrimination after TBI, but the mice were
unable to even perform the training of the task adequately (Nichols, Hagan, and
Floyd 2017). Other groups have tested rodent performance in touchscreen
operant chambers after TBI and found mixed results. After moderate-severe
infant TBI, rats were able to learn and perform a basic visual discrimination task,
but injured rats were unable to perform reversal learning and perseverated on the
previously learned rule (S. Robinson et al. 2018). Another group found no
differences between Sham and injured rats (with injuries of varying severities) on
performance of an executive function touchscreen task 1, 6, or 12 months postinjury (Arulsamy, Corrigan, and Collins-Praino 2019). Finally, rats subjected to a
mild injury had increased fractional anisotropy (better hippocampal
microstructural organization) when trained on spatial memory and
attention/inhibition control touchscreen tasks, suggesting both a beneficial effect
of cognitive training after injury as well as a correlation of diffusion tensor imaging
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metrics with cognitive training (Braeckman et al. 2020). The underlying
mechanisms of injury-induced cognitive dysfunction are not fully understood, but
measuring electrophysiology in cognition-relevant brain regions has given good
insight into how neural circuits are disrupted after TBI.

1.1.2.2

Excitability/network changes

Many animal models of TBI have demonstrated injury-induced changes in
excitability in different brain areas. The direction of the change depends on the
particular brain area; because the hippocampus is one of the most commonly
studied brain regions after TBI, I will begin by talking about hippocampal
subregions and then moving to other brain regions.

1.1.2.2.1

Hyperexcitability of the DG

The dentate gyrus is one of the most well-studied brain regions that exhibits
changes in physiology after brain injury. It has long been known that the DG
becomes hyperexcitable after TBI, with DG granule cells showing enhanced
action potential discharges and longer-lasting depolarizations in response to
perforant path stimulation 7 dpi in rats (Santhakumar et al. 2000) (Santhakumar
et al. 2001). Similarly, in mice, input/output curves measuring field potential
responses to perforant path stimulation show an upward shift 7 dpi in the
ipsilateral and contralateral hemispheres (Witgen et al. 2005; Tran et al. 2006b).
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This shift persists 30 dpi in the ipsilateral, but not contralateral, hemisphere (Tran
et al. 2006b). A later study following up on the upward I/O shift in the ipsilateral
DG 7 dpi found that not only is the fEPSP slope increased, but VSD imaging also
shows increased excitability in the DG that spreads to area CA3; this is
accompanied by increased amplitude of CA3 population spikes and increased
synaptic efficacy in CA3 (Folweiler et al. 2018). In addition to these changes in
excitatory activity, inhibitory neurotransmission is also affected after TBI. Seven
days after a mild to moderate injury in mice, there is decreased spontaneous
inhibitory activity in the DG (Witgen et al. 2005). In rats, LFPI induces a loss of
inhibitory interneurons and reduction of long-term depression in the DG (Zhang
et al. 2018).

1.1.2.2.2

Other brain regions

The dentate gyrus is certainly not the only brain region to show changes in
excitability after TBI. In contrast to the DG, hippocampal CA1 shows increased
spontaneous and evoked inhibition after TBI (Witgen et al. 2005; B. N. Johnson
et al. 2014). In vivo recordings of hippocampal activity reveal decreased theta
power in injured animals, and this effect is driven by decreased broadband power
rather than theta oscillations (Paterno et al. 2016).

While the hippocampus is the site of a large amount of TBI research, likely due to
the deficits in hippocampal-based function discussed above, other structures
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undergo changes in excitability as well. For example, the prefrontal cortex,
thought to be responsible for working memory (among other things), is
hypoexcitable 7 days post-injury in mice. Recordings from the prelimbic area of
the medial prefrontal cortex show decreased fEPSP amplitude in injured mice
compared to sham (C. J. Smith et al. 2015). In the amygdala, field recordings
also show decreased fEPSP slope and input/output curves; this decreased
excitability was also demonstrated using VSD imaging (Palmer et al. 2016).

1.1.2.2.3

Post-traumatic epilepsy/seizure susceptibility

Another notable aspect of injury-induced changes in brain activity/excitability is
the occurrence of increased seizure susceptibility and post-traumatic epilepsy.
Brain injury is one of the leading contributors to development of epilepsy in young
adults (Annegers 1996; Annegers et al. 1980). This has been recapitulated in
rats, with injured rats showing increased susceptibility to seizure activity (D. A.
Coulter et al. 1996; Kharatishvili et al. 2006; Neuberger, Swietek, et al. 2017;
Neuberger, Gupta, et al. 2017). The mechanisms of this are not fully understood,
but is a topic of intense research (Therajaran et al. 2020; Anwer et al. 2021;
Karlander, Ljungqvist, and Zelano 2021). There is even evidence that posttraumatic seizures can be used as a predictor of functional outcome after brain
injury (Pingue, Mele, and Nardone 2021).
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1.1.2.2.4

Network activity/connectivity

Changes in brain excitability are not restricted to discrete, independent regions.
Recent evidence points to changes/disruptions in resting state activity and
default mode network connections after brain injury (Philippi et al. 2021; Y. Sun
et al. 2021). Another recent study found that brain networks in injured humans
were less clustered and more modular than controls, but over time these
networks became increasingly clustered, suggesting long-term plasticity in
recovering from brain injury (Boroda et al. 2021).

1.1.2.2.5

Contralateral hemisphere changes

The vast majority of TBI research focuses on the ipsilateral hemisphere (in
lateralized injury models). While not all animal models of TBI are lateralized, the
most commonly used LFPI and CCI are performed on one hemisphere or the
other. This has led some studies to use measures in the contralateral
hemisphere as a control (Wood et al. 2011; Braun, Schäfer, and Höllt 2002;
Gilley and Kernie 2011; X. Gao et al. 2008). However, when comparing to sham
animals, several papers have found changes in the contralateral hemisphere
(Tran et al. 2006b; Kernie, Erwin, and Parada 2001; Dash, Mach, and Moore
2001; D. Sun et al. 2015; Emery et al. 2005; Rice et al. 2003), making the
contralateral hemisphere an inappropriate control to compare to the injured
ipsilateral hemisphere. Given the different biomechanics of different injury
models, it is reasonable to think that different models (and different severities)
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will affect the contralateral hemisphere differently; therefore, it will be important
going forward for the TBI field to perform careful evaluation of both ipsilateral and
contralateral changes compared to sham animals.

1.1.2.3

Inflammation

Unsurprisingly, the brain launches an inflammatory response after injury. This
response varies with the type and severity of injury, but many research groups
have investigated the range of inflammatory changes after TBI (reviewed in
(Simon et al. 2017)).

Astrocytes are classically known as the injury-responding glial cells in the brain,
proliferating, becoming hypertrophic, and releasing cytokines in a process known
as reactive astrogliosis. Indeed, there are many reports of astrocyte reactivity
after brain injury (C. J. Smith et al. 2015; Schiweck et al. 2021; C. Robinson,
Apgar, and Shapiro 2016). While historically considered detrimental to injury
recovery, there is growing evidence that reactive astrocytes play essential
protective roles (Myer et al. 2006; Y. Zhou et al. 2020).

Microglia are the tissue resident macrophages of the brain. Like astrocytes, they
can proliferate, become hypertrophic, and release cytokines in response to injury.
One key additional function is their ability to clear debris by phagocytosing dead
and dying cells. This variety of functions makes it difficult to classify microglia
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inflammatory processes as strictly “good” or “bad” after injury (Loane and Kumar
2016; Lenzlinger et al. 2001). Several groups have examined microglia after TBI,
and found that injury induces polarization, cytokine release, and changes in gene
transcription (Makinde et al. 2019; Puntambekar et al. 2018; Lyu et al. 2021;
Perez-Polo et al. 2013; Kumar et al. 2016).

Another major inflammatory consequence of TBI is breakdown of the blood-brain
barrier (BBB). After injury, changes of the BBB include loss of tight junction
proteins, pericyte migration and loss, and changes in water channel protein
expression at astrocyte end-feet processes (Amoo et al. 2021). Numerous
groups have observed BBB breakdown after TBI in animal models (van Vliet et
al. 2020; O’Keeffe et al. 2019; Dadas and Janigro 2018; Rubovitch et al. 2011;
Puntambekar et al. 2018; V. E. Johnson et al. 2018; Alluri et al. 2018; Shetty et
al. 2014; Assis-Nascimento, Tsenkina, and Liebl 2018; Shlosberg et al. 2010;
Rodriguez-Grande et al. 2017; Kawoos et al. 2021); this has also been observed
in humans with TBI (Yoo et al. 2018).

1.1.2.4

Clinical interventions/treatments

There is a rich literature of behavioral and pharmacologic interventions effectively
treating animal models of TBI. Many studies have found that administration of a
variety of drugs and supplements improve histological and/or behavioral
outcomes following injury, including (but not limited to): curcumin (G. Sun et al.
17

2020), diazepam (Laura Elena Villasana et al. 2019), ketamine (Peters,
Villasana, and Schnell 2018), growth differentiation factor 5 (Hongjie Wu et al.
2018), IGF-1 (Carlson and Saatman 2018), granulocyte colony-stimulating factor
(Song et al. 2017), delta9-THC (Song et al. 2021), donepezil (Yu, Kim, and
Kernie 2015), TIMP3 (Gibb et al. 2015), statins (Hongtao Wu et al. 2008; D. Lu et
al. 2007), methylene blue (Fenn et al. 2015), and others. Of particular interest is
work demonstrating the efficacy of branched chain amino acids (BCAAs). After
mild LFPI, there is a decreased concentration of BCAAs in the hippocampus (J.
T. Cole et al. 2010). These amino acids are important for the synthesis of
glutamate and GABA, so less amino acid availability after injury could affect the
ability of neurons to produce neurotransmitters necessary to maintain
excitatory/inhibitory balance. Dietary administration of BCAAs ameliorated
deficits in contextual fear conditioning and reversed the hyper- and
hypoexcitability of the DG and CA1, respectively (J. T. Cole et al. 2010; Elkind et
al. 2015).

Besides drugs, other interventions like electrical stimulation (E. Park et al. 2021),
exercise (Karelina et al. 2021; Markovic et al. 2021), cognitive training (D’Angelo,
Ober, and Shenaut 2021), and nano laser therapy (Mocciaro et al. 2021, 2019)
have also been shown to have beneficial impacts on TBI recovery.
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Tissue engineering approaches have attempted to direct endogenous neural
stem and progenitor cells to sites of interest. Some groups have developed
acellular ways of doing this, but an exciting development is the use of a “living
scaffold” utilizing live cells to replicate the structure and functional of the glial
tube in order to direct neural cells generated in the SVZ to sites of injury (Purvis
et al. 2020; O’Donnell et al. 2018; Winter et al. 2016; Katiyar et al. 2018).

Cell therapy is another approach to facilitating brain repair after injury. There is
evidence that intravenous injection of multipotent adult progenitor cells preserves
the blood-brain barrier, attenuates microglial activation, and improves motor and
spatial learning behavioral measures (Walker, Shah, et al. 2010; Bedi et al.
2013). Direct implantation of stem cells into the parenchyma has yielded mixed
results, both increasing and decreasing anti-inflammatory cytokine levels
(Walker, Harting, et al. 2010; Galindo et al. 2011). Research is ongoing to
determine the optimal timing, route of administration, and cell types for this
exciting treatment possibility.

Despite the seemingly endless treatment options that show efficacy in preclinical
research, most clinical studies for TBI treatment have failed. Most preclinical
work is done in a standardized and controlled manner, minimizing variation
among subjects. While this is good for reproducibility, human TBIs are
heterogeneous in mechanism and severity, in addition to humans themselves
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being differentially susceptible to injury. This necessitates using a variety of TBI
models and severities to successfully validate therapies meant to treat braininjured humans (Marklund and Hillered 2011).

1.1.3 Animal models of TBI
TBI is a complex issue, and to understand how it works we need animal models
to effectively study TBI in the lab. The heterogeneity of human brain injuries
necessitates a variety of animal models: most animal models have been
developed to recapitulate a specific aspect/pathology of human TBI, and no
single animal model can capture the full range of pathology observed after
human injuries. Below I will discuss some of the most common models used to
study TBI; this topic has been excellently reviewed in (Xiong, Mahmood, and
Chopp 2013; V. E. Johnson et al. 2015; Bolouri and Zetterberg 2015; Shah,
Gurdziel, and Ruden 2019).

1.1.3.1

Rodent models of TBI

The vast majority of the TBI literature utilizes rats and mice to study brain injury.
Rodents have numerous advantages for basic research, including their small
size, low cost, fast breeding, and the emergence of transgenic strains, and optoand chemogenetic technology. Despite the limitations of rodent TBI research
(vast differences in brain size and shape from humans, fundamentally different
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biomechanics of injury), these models have enabled elucidation of some of the
key pathological mechanisms of brain injury.

1.1.3.1.1

Fluid percussion injury (FPI)

One of the most widely used injury models is the fluid percussion injury (C. J.
Smith et al. 2012; Alder et al. 2011). This occurs by performing a craniotomy
between bregma and lambda, either at the midline or laterally over the parietal
bone (lateral fluid percussion injury; LFPI). A pendulum strikes a fluid-filled
reservoir to transmit a fluid pressure pulse through high-pressure tubing to the
exposed dura. The severity of the injury induced can be adjusted by changing the
height from which the pendulum is dropped. FPI results in a combination of focal
and diffuse brain injury: there is focal cortical contusion in addition to diffuse
subcortical injury, especially in the hippocampus. Depending on the severity of
the injury, the cortex beneath the injury site may become a glia-lined cavity, and
continue to enlarge for up to a year post-injury due to ongoing cell death
(Bramlett and Dietrich 2002). More so than central FPI, LFPI replicates many
features of clinical TBI without skull fracture, including intracranial hemorrhage,
brain swelling, and progressive gray matter damage (Thompson et al. 2005;
Graham et al. 2000). This model also produces behavioral and cognitive deficits
comparable to those seen in humans (Morales et al. 2005; Hamm 2001). Like in
humans, these deficits can last long-term (Pierce et al. 1998). Due to its
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reproducibility and ability to scale to a mild intensity, LFPI is the injury model
used in this thesis.

1.1.3.1.2

Controlled Cortical Impact (CCI)

The other of the two mostly widely used rodent injury models is the controlled
cortical impact. Similar to LFPI, a craniotomy is first performed laterally over the
parietal cortex. CCI then uses a rigid impactor under control of a pneumatic or
electromagnetic device to strike the exposed dura. This model can replicate
human TBI pathology such as cortical tissue loss, acute subdural hematoma,
axonal injury, blood-brain barrier dysfunction, and coma (C. E. Dixon et al. 1991;
Lighthall 1988). One of the main advantages of this model is control over a
number of mechanical parameters, including the velocity of the impactor, the
dwell time of impact, and the depth of impact. Adjusting these parameters allows
experimenters to control not only the severity of injury, but the different
biomechanical forces at play. The injury severity influences the extent of
cognitive dysfunction, and impairments have been observed in both spatial and
emotional behavior (Washington et al. 2012).

1.1.3.1.3

Weight drop

Weight-drop models of TBI, sometimes referred to as closed head injury or
impact-acceleration, involve exposing the intact or craniotomized skull to a
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guided falling weight (Marmarou et al. 1994). Both the mass of the weight and
the height it falls from can be adjusted to control injury severity. Several
variations of this model exist (varying on whether the weight drops on a
craniotomized or intact skull, or onto a steel plate mounted onto the skull), but all
weight-drop models have relatively high variability in injury severity (Xiong,
Mahmood, and Chopp 2013). Weight drop models induce cognitive deficits that
depend on the variation and severity of the injury, and may replicate clinical
axonal pathology, diffuse axonal injury, better than CCI and FPI models.

1.1.3.1.4

Blast

Humans involved in military conflict can experience brain injuries in the absence
of external injuries (Warden 2006). Animal models of blast TBI have been
developed to investigate the effects of these different biomechanical forces on
CNS function (Rubovitch et al. 2011; B. Chen et al. 2021). Blast models typically
involve a compression-driven shock tube, where the animal’s entire body or just
the head are exposed to blast pressure waves. Blast injuries induce cognitive
deficits in tasks such as rotarod and Morris Water Maze (Kuehn et al. 2011; Saljo
et al. 2009).
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1.1.3.1.5

Repetitive TBI

Much of the recent interest in research into brain injuries is motivated by the
growing knowledge of the risks of contact sports, such as American football. In
this context, athletes rarely experience a single, isolated injury, but rather sustain
multiple concussive and subconcussive hits repeatedly throughout their athletic
career. Participation in football, and exposure to repetitive head injury, is strongly
associated with development of chronic traumatic encephalopathy (CTE). This
has inspired development of models of repetitive TBI, particularly repetitive mild
TBI. Many of the TBI models discussed above have been adapted for repeated
injuries, including weight-drop (DeFord et al. 2002; Creeley et al. 2004), blast (Y.
Wang et al. 2011), FPI (DeRoss et al. 2002), and closed head injury (Raghupathi
and Margulies 2002; Xu et al. 2021; X. Ge et al. 2018). Repetitive injury models
can induce longer-term behavioral deficits and inflammation than single injuries
in rats (Shultz et al. 2012), and poorer behavioral and histological outcomes in
piglets (Friess et al. 2009). A relatively new model called CHIMERA (closed head
impact model of rotational acceleration) does not involve any surgery (Namjoshi
et al. 2014). Repetitive CHIMERA induces deficits in spatial learning and
memory, anxiety and risk-taking behavior, and gliosis (Cheng et al. 2019).

1.1.3.2

Pig models

In contrast to rodent brains, human brains are large and gyrencephalic, which
means the biomechanics of human head injury cannot be well-captured in rodent
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models. Larger animals, such as pigs, have much more human-like brains that
may make them more translationally relevant models of TBI (Sorby-Adams, Vink,
and Turner 2018). The use of pigs as TBI animal models is not new; CCI has
also been adapted for pigs and induces many pathological features similar to
humans (Alessandri et al. 2003; Manley et al. 2006). Recently, there has been
work fine-tuning and characterizing a swine model of rotational acceleration TBI,
which can be scaled to replicate a range of severities from concussions to severe
injury (Cullen et al. 2016); this follows up on the initial development of closedhead injury in pigs from the 1990s (D. H. Smith et al. 1997). The rotational forces
applied replicate inertial forces a human brain might experience during sudden
acceleration or deceleration without impact. Outcomes of this injury model are
dependent on both the plane of rotation as well as the level of rotational
acceleration. This model induces many classic hallmarks of TBI including gliosis,
inflammation, diffuse axonal injury, and hippocampal dysfunction (Grovola et al.
2020; Wolf et al. 2017).

1.1.3.3

Other

Rodents and pigs are by far the most commonly used animal models to study
TBI. However, there is some interest in and advantages to using smaller model
organisms, such as drosophila and zebrafish (Fernández-Hernández and Rhiner
2015). The advantages to using these smaller models are similar to the benefits
of rodents, but to an even greater degree: short lifespan, low cost, and easy
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genetic manipulations. Genetic manipulations in particular make drosophila a
very attractive model system for studying brain injury due to conservation
between drosophila and rodents and the ability to conduct large-scale genetic
screens in flies. The downsides to using these models include difficulty of drug
delivery and lack of established behavioral/cognitive assays, in addition to the
obvious differences in brain size and complexity.

1.1.3.4

Limitations of animal models

Depending on the species, there can be substantial differences from humans in
terms of brain size, geometry, gyri and sulci, white-to-gray matter (Xiong,
Mahmood, and Chopp 2013; Laurer and McIntosh 1999; Morales et al. 2005).
This can affect the biomechanics of injury, and subsequently the way the brain
responds to injuries of different types and severities. There have even been
differences reported in the behavioral and histological injury response between
different rat and mouse strains (Reid et al. 2010; A. A. Tan et al. 2009; Fox,
LeVasseur, and Faden 1999). These interspecies differences can make it difficult
to develop effective treatments for humans. In addition, even within a given
species, injury severity is not standardized across or even within a given model
of TBI (Xiong, Mahmood, and Chopp 2013). A lack of standardization means that
every research group decides the injury severity label of their model, if they give
one at all. Together, these factors make it very difficult to compare results across
studies from different research groups.
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1.2 Hippocampus
The hippocampus (Fig. 1.1) is one of the most widely-studied brain areas after
TBI, and appears to be especially vulnerable to a wide variety of injuries. This is
apparent from the fact that many different injury models (discussed in the section
above) impact hippocampal pathology and/or hippocampal-dependent behavior.

The hippocampus is historically known for its role in learning and memory. This is
best known by the examples of patients with temporal lobe lesions who cannot
form new memories. The role of the hippocampus in cognition is largely
subregion-specific. Because the focus of this thesis is injury-induced changes in
the dentate gyrus, I will focus specifically on that subregion in the section(s)
below.

1.2.1 Neuroanatomy
The hippocampus is known for its laminar organization and well-defined circuitry.
It is often referred to as housing the trisynaptic circuit, referring to the projections
from the entorhinal cortex to the dentate gyrus (the perforant path); the dentate
gyrus to area CA3 (the mossy fibers); and area CA3 to area CA1 (the Schaeffer
collaterals). While there are many recurrent connections and synapses with other
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cell types, the trisynaptic pathway is glutamatergic transmission through the
principal cells of each region and conducts the general flow of information.

1.2.2 Dentate gyrus
1.2.2.1

Anatomy

The principal cells of the DG are called granule cells and are organized into the
granule cell layer (GCL). The GCL is a curved structure, and depending on the
plane of sectioning, can often look like a sideways “V” in histological sections.
The area between the two blades of the GCL is the hilus, populated primarily by
mossy cells and interneurons. On the other side of the GCL is the molecular
layer, with its border defined by the hippocampal fissure and surrounding
ventricles. The area where the GCL borders the hilus is the subgranular zone
(SGZ); while the definition of the SGZ is not standardized, it is commonly thought
of as extending approximately 3 cell body widths into the hilus, and into the inner
third of the GCL. Granule cells in the DG have their cell bodies in the GCL,
extend their dendritic processes into the molecular layer, and send their axons
through the hilus toward the pyramidal cells in CA3. Granule cells primarily
receive input from the perforant path, axons coming from principal cells in the
entorhinal cortex. Granule cell axons that synapse onto CA3 pyramidal cells are
called mossy fibers.
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1.2.2.2

Physiology

One of the most well-supported and notable features of dentate gyrus physiology
is its sparse activity (Andersen, Holmqvist, and Voorhoeve 1966; Alger and
Teyler 1976; Teyler and Alger 1976). This is thought to be due to a large degree
of GABAergic interneuron activity in the DG in addition to low intrinsic excitability
of granule cells (Douglas A. Coulter and Carlson 2007; Fricke and Prince 1984;
Szabo et al. 2017; Staley, Otis, and Mody 1992). In contrast to CA1, where ~40%
of pyramidal cells express the activity-dependent intermediate early gene Arc
after a spatial behavioral experience, this number is only about 2-5% of DG
granule cells (Chawla et al. 2005; L. J. Drew, Fusi, and Hen 2013; RamírezAmaya et al. 2005). Additionally, careful single-cell recordings revealed that most
mature granule cells have only a single, small, discrete place field (Neunuebel
and Knierim 2012) - a feature that means that fewer granule cells will fire during
any given spatial exploration. These features of sparse activation make the DG
well-suited to serve as a filter or gate to the rest of the hippocampus, controlling
incoming excitation from the entorhinal cortex (Hsu 2007). This filtering process
is thought to be a major determinant in the way the DG contributes to cognition.

1.2.2.3

Role in cognition

The DG is involved in many different cognitive processes, but is perhaps most
well-known for spatial/contextual memory and pattern separation (Treves et al.
2008; L. J. Drew, Fusi, and Hen 2013; Rolls and Kesner 2006; Kesner 2007,
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2013; Xavier and Costa 2009). These concepts are difficult to distinguish from
each other, especially in the context of rodent behavior. DG lesions impair the
ability of an animal to retrieve contextual fear conditioning memories, and to
discriminate between similar spatial locations in a radial arm maze or Morris
water maze (Kesner 2013). The specific terminology used to describe these
tasks somewhat comes down to a matter of semantics, but the role of the DG in
spatial memory is clear.

The hippocampus and dentate gyrus are large enough structures that they
extend along the dorsoventral axis (Fig. 1.1). The function of the DG is
somewhat dependent on where along this axis active granule cells are located. In
the dorsal DG, granule cell activity supports exploratory drive and contextual fear
memory encoding, while in the ventral DG granule cell activity suppresses
anxiety (Kheirbek et al. 2013).

Much of the unique functioning of the DG is attributed to neurogenesis, which is
discussed below.
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1.3 Neurogenesis
1.3.1 At baseline
Neurogenesis is a dynamic process that occurs throughout the lifespan in
mammals (but see below for discussion of “controversy”). New neurons are
generated primarily in two areas of the mammalian brain: the subventricular zone
(SVZ), and the subgranular zone (SGZ) of the dentate gyrus in the hippocampus.
SVZ neurogenesis has been covered in several excellent reviews (C. Zhao,
Deng, and Gage 2008; Fuentealba, Obernier, and Alvarez-Buylla 2012;
Bjornsson et al. 2015; Apple, Solano-Fonseca, and Kokovay 2017), and I will
focus on SGZ neurogenesis (also commonly referred to as hippocampal
neurogenesis) for the purposes of this dissertation.

At the border between the granule cell layer (GCL) and the hilus, the SGZ
contains neural stem cells (sometimes called radial glial cells) that can be
quiescent or activated. When activated, these cells asymmetrically divide to give
rise to neural progenitors, which continue to divide and differentiate into
immature neurons over the course of several days. These immature neurons
extend dendrites towards and then into the molecular layer, and send their axons
through the hilus towards area CA3. Over several weeks, these cells become
integrated into the hippocampal circuit, and eventually become functional granule
cells with passive membrane properties, action potentials, and synaptic inputs
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(van Praag et al. 2002). These adult-born neurons have unique physiological
properties (see section below), and are not functionally/electrophysiologically
mature until approximately 6-8 weeks after birth (Yan Gu et al. 2012). However,
recent evidence suggests that even after 7 weeks, adult-born neurons have
distinct morphological features from embryonically-generated granule cells (J. D.
Cole et al. 2020).

Evidence suggests that the process of neurogenesis is not uniform throughout
the entire DG. The dorsal DG shows higher rates of neurogenesis (Snyder et al.
2009), and these newborn neurons mature faster than in the ventral DG (Snyder,
Ferrante, and Cameron 2012). These differences are most pronounced in young
adult rats; aged rats have more “flattened” levels of neurogenesis across the
septotemporal axis (Snyder et al. 2011). The significance of these differences is
not completely understood, but functional differentiation of newborn neurons
along the septotemporal axis is an area of active investigation (M. V. Wu and
Hen 2014; M. V. Wu et al. 2015; A. Tanti and Belzung 2013; Arnaud Tanti et al.
2012).

1.3.1.1

Regulation

Neurogenesis is a highly dynamic phenomenon subject to regulation at every
stage of the process. One of the earliest known regulators of adult neurogenesis
is environmental enrichment. Exposure to an enriched environment increases
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new neuron survival (G. Kempermann, Kuhn, and Gage 1997). While the direct
mechanism of this effect remains unknown, the neurotransmitter GABA promotes
maturation, differentiation, synaptic integration, and survival of neural progenitors
and immature neurons (Tozuka et al. 2005; S. Ge et al. 2006; Li et al. 2009; B.
Sun et al. 2009; Duveau et al. 2011; Trinchero, Giacomini, and Schinder 2021),
in addition to dendritic growth of new neurons (Sernagor et al. 2010). The role of
GABA in granule cell maturation is complex and has been reviewed previously
(Dieni, Chancey, and Overstreet-Wadiche 2012). General neuronal activity in the
DG has been shown to deplete the pool of neural stem cells and ultimately impair
neurogenesis in the long run (Sierra et al. 2015; Pineda and Encinas 2016). At a
network level, DG activity is also known to modulate neurogenesis. For example,
newborn neurons mature faster in the septal DG where basal activity is higher
than in the temporal DG (Piatti et al. 2011). Interestingly, while running is known
to increase proliferation and neurogenesis (van Praag, Kempermann, and Gage
1999), some evidence suggests this may be restricted to the temporal DG (Piatti
et al. 2011). Reelin, an extracellular protein implicated in neurological
dysfunction, is critical for neurogenesis and synaptogenesis of developing
granule cells (Bosch et al. 2016; Teixeira et al. 2012).

In addition to what is known about how processes within the brain regulate
neurogenesis, other work has looked at how an animal’s behavior and
experience can impact this process. In rodents, a novel experience can increase
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the speed up the integration of newborn cells into the DG (Trinchero et al. 2019);
the same is true for exposure to an enriched environment (Alvarez et al. 2016).
An additional study found even more specifically that environmental enrichment,
specifically 2-6 weeks after a cell’s birth, increases monosynaptic inputs onto
newborn cells (Bergami et al. 2015).

1.3.1.2

Controversy about whether it happens in humans

Adult neurogenesis is a well-studied and accepted phenomenon in rodents and
other small mammals, but there has recently been renewed controversy about
whether it occurs in humans to a functionally relevant degree. Despite the
evidence supporting the idea that new neurons are born in the DG throughout the
lifespan (Manganas et al. 2007; Tobin et al. 2019; Boldrini et al. 2018; Eriksson
et al. 1998), this debate was renewed over the past few years when some
researchers were unable to detect adult-born neurons in adult human brain
tissue (Sorrells et al. 2018). This was followed up by another group who were
able to detect newborn neurons (Moreno-Jiménez et al. 2019). The debate has
continued between these two groups in the format of a moderated debate and
dual perspective articles as recently as March 2021 (Sorrells et al. 2021; MorenoJiménez et al. 2021). In summary, there are issues with the tissue processing
methods used by Sorrells et al., in particular the post-mortem interval. A long
interval is known to interfere with detection of the classic immature neuron
marker doublecortin (Gerd Kempermann et al. 2018; Boekhoorn, Joels, and
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Lucassen 2006), and detecting immature cells in human tissue requires a careful
and precise protocol not followed by the group claiming there is no substantial
neurogenesis in adult tissue. This is certainly an ongoing debate, but it appears
that the majority of the neurogenesis community believes that absence of
evidence is not evidence of absence.

1.3.1.3

Neuroanatomy/synaptic connections

Under physiological conditions, newborn neurons have a precisely defined
pattern of synaptic connectivity. During the first week after birth, newborn cells
have no processes or spontaneous synaptic activity, but exhibit tonic excitation in
response to ambient GABA. This unusual feature is due to high expression of the
calcium transporter NKCC1, which creates a depolarized chloride reversal
potential. During the second week of life, newborn neurons start to extend their
dendrites into the inner and then middle molecular layer, and their axons into the
hilus and toward area CA3. By approximately 10-14 days after birth, these newly
formed mossy fibers start to form synapses onto CA3 pyramidal cells, and
receive synaptic inputs from hilar interneurons. At this point, GABA still has a
depolarizing effect on the cells, and they start to exhibit small amplitude action
potentials. The end of the second week represents a critical point in the ultimate
fate of newborn neurons: approximately 50% of cells born will die by 2 weeks of
age. This is also the age at which newborn neurons begin to respond to
glutamatergic input. In the third week after birth, the dendrites of new cells
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continue to grow and reach into the outer molecular layer. Mossy fiber output to
CA3 increases, and newborn cells begin to show spontaneous synaptic activity.
Because of the switch from high NKCC1 expression to high KCC2 expression,
GABA is now hyperpolarizing. Cells receive consistent glutamatergic excitation
from mature granule cells and hilar mossy cells. In addition, newborn granule
cells receive connections from astrocytes, which are thought to enhance cell
integration and synapse maturation (Toni and Sultan 2011). In the 4th week after
birth, newborn cells continue to extend their processes, with dendrites branching
and developing spines and axons forming more numerous mossy fiber synapses
onto CA3 pyramidal cells. These cells begin to resemble mature granule cells but
still have some distinct electrophysiological properties, such as increased input
resistance and smaller membrane capacitance. They now receive input from
mature granule cells, CA3 pyramidal cells, mossy cells, and hilar interneurons
and exhibit glutamatergic and slow and fast GABAergic synaptic responses. Over
the next 1-2 months, inputs onto adult-born granule cells are increased, with the
exception of from mature granule cells, whose connectivity with adult-born cells
decreases. They still have morphologically distinct features but
electrophysiologically resemble mature cells more closely.

1.3.1.4

Physiology of newborn neurons

Adult-born granule cells have several electrophysiological properties that make
them distinct from mature granule cells, especially during the first few weeks of
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life. As mentioned above, these neurons become depolarized in response to
GABA (Ambrogini et al. 2004). Between 4 and 6 weeks after the cell’s birth,
newborn neurons show enhanced long-term potentiation (increased potentiation
amplitude and decreased induction threshold) (S. Ge et al. 2007; SchmidtHieber, Jonas, and Bischofberger 2004). Young neurons also have higher input
resistance and smaller membrane capacitance than their mature counterparts
(Mongiat et al. 2009; van Praag et al. 2002; Espósito et al. 2005; CouillardDespres et al. 2006; Ambrogini et al. 2004). Together, these features make adultborn granule cells highly plastic during the period of time after they’re integrated
into the circuit, but before they become fully mature, making them a unique and
powerful target for various kinds of intervention.

1.3.1.5

Functional role of adult-born neurons

While the process of adult neurogenesis is fairly widely accepted (however, see
“controversy” section above), the functional role of these cells is still under active
investigation. There have been many proposed roles of these cells in a variety of
cognitive (and affective) domains, but inconsistent methodology and results in
the literature has prevented a widely accepted unified theory of ABGC function.
This is perhaps due at least in part to the fact that along with rapidly
changing/developing physiology, the functional role of newborn neurons appears
to critically depend on time after birth (i.e. the age of the cell). Below I will go
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through what is known about the functional role of newborn neurons first in DG
circuit physiology, and then in cognition.

1.3.1.5.1

Influence on DG/hippocampal circuit physiology

As new neurons integrate into the DG circuitry, they influence the way the circuit
as a whole functions. After X-irradiation to eliminate newborn neurons, DG
responses to perforant path stimulation are decreased, the amplitude of
spontaneous gamma frequency bursts is increased, and granule cell firing in
response was more synchronized (Lacefield et al. 2012). DG excitability was also
increased in another study after X-irradiation, but conversely, increasing
neurogenesis resulted in decreased DG excitation, but maintained output to CA3
(Ikrar et al. 2013). In addition to modulating DG network activity, adult-born
neurons also influence inputs to the DG from the entorhinal cortex. Adult-born
neurons inhibit mature granule cells in response to lateral entorhinal cortex
stimulation, and excite mature granule cells in response to medial entorhinal
cortex stimulation (Luna et al. 2019). Therefore, it appears that the role of adultborn cells is more complex than merely “excitatory” or “inhibitory” and depends
on both where the stimulation comes from and how activity is measured. Finally,
this discussion only considers the impact of “normal” adult-born neurons;
newborn neurons in pathological contexts will be discussed below.
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1.3.1.5.2

Cognition/behavior

The functional role of adult-born neurons in cognition/behavior has sparked
tremendous interest, and remains an area of intense study. One of the earliest
studies examining the role of adult-born neurons found that ablation of new
neurons in mice via hippocampal X-irradiation impaired contextual, but not cued,
fear conditioning when assessed 3 months post-irradiation (Saxe et al. 2006).
This same group also found a surprising influence on working memory: ablation
of neurogenesis actually improved working memory in a radial maze task when
repetitive information was presented in the same day (Saxe et al. 2007). A
different group found that ablation of neurogenesis impairs single trial, but not
multiple trial contextual fear conditioning (M. R. Drew, Denny, and Hen 2010).
Several later papers have also found a role for adult-born neurons in contextual
learning and memory, particularly context discrimination (Besnard and Sahay
2020; Kheirbek, Tannenholz, and Hen 2012; Danielson et al. 2016; HernándezRabaza et al. 2009; Niibori et al. 2012; Denny et al. 2012). Modulating
neurogenesis can also interfere with past memories; for example, ablation of
adult-born neurons after training in a contextual fear or water maze task
degraded those memories (Arruda-Carvalho et al. 2011). Similarly, there is
evidence for a role of neurogenesis in mediating the process of “forgetting” (Epp
et al. 2016; Ishikawa et al. 2016; A. Gao et al. 2018; Akers et al. 2014). Whether
this is actually the degradation/erasure of previous memories vs. overwriting
those memories with new experiences is still under debate, and may be more of
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a semantic distinction than a biological one. Hippocampal neurogenesis has also
been shown to promote cognitive flexibility in a modified active place avoidance
task (Anacker and Hen 2017; Burghardt et al. 2012). In a touchscreen
discrimination task, mice lacking neurogenesis showed performance deficits, but
only after the learning rule was reversed - further evidence supporting the role of
newborn neurons in cognitive flexibility (Swan et al. 2014).

Pattern separation, a concept originating in computational work, refers to the
process of distinguishing two similar inputs into distinct outputs. This idea is
discussed above in the section about cognitive consequences following TBI in
animal models. Adult neurogenesis is thought to play a critical role in behavioral
pattern separation (Sahay, Wilson, and Hen 2011; Aimone, Deng, and Gage
2011). There is evidence that increasing (Sahay et al. 2011) or ablating (Clelland
et al. 2009) hippocampal neurogenesis improves or inhibits pattern separation,
respectively. Similarly, optogenetic silencing of adult-born neurons impairs
performance on a location discrimination task (sometimes referred to as pattern
separation), but only if task acquisition occurred during their maturation period
(Zhuo et al. 2016). On the other hand, a computational study found that
neurogenesis decreases pattern separation (Finnegan and Becker 2015). It
appears that some of the discrepancy lies in the inconsistent ways of defining
pattern separation, and the inherent difficulties in translating a computational
phenomenon into a rodent behavioral task (Becker 2017). Going forward, it will
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be important as the field continues to mature to standardize terminology and
perhaps more importantly, describe very specifically what behavioral outcomes
are affected by a given manipulation.

Adult neurogenesis has been implicated in hippocampal-dependent affective
behaviors in addition to purely cognitive ones. Increasing neurogenesis by
deletion of the pro-apoptotic gene Bax from neural stem cells reduced anxiety
and depression-like behaviors in a mouse model of chronic stress (Hill, Sahay,
and Hen 2015). Similarly, neurogenesis specifically in the ventral DG has been
shown to promote stress resilience (Anacker et al. 2018). This touches on an
underexplored but evolving field examining the functional differentiation of
neurogenic function along the dorsoventral axis. Broadly, neurogenesis can be
thought to play a role in spatial/contextual cognition in the dorsal DG, and
affective functions in the ventral DG (M. V. Wu et al. 2015; M. V. Wu and Hen
2014).

1.3.2 Injury
1.3.2.1

Cellular and morphological changes

There is a long history of evidence that TBI impacts various stages of the
hippocampal neurogenic process after injury. This literature has been reviewed
extensively elsewhere (L. Ngwenya and Danzer 2018; Manivannan et al. 2021;
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Redell et al. 2020; Fernández-Hernández and Rhiner 2015; Richardson, Sun,
and Bullock 2007; Patel and Sun 2016; D. Sun 2016). While the literature reports
a huge range of effects from increases, no change, to decreases in proliferation,
maturation, and/or integration, the general consensus is that TBI increases
indices of neurogenesis, at least in the short term.

1.3.2.2

Functional changes/implications

Understanding how neurogenesis changes after brain injury is only the first step
towards targeting it for therapeutic intervention. A critical piece of that process is
testing whether post-injury neurogenesis is reparative. While increases in
neurogenesis are beneficial for cognition in a physiological setting (Sahay et al.
2011; Creer et al. 2010; Gould et al. 1999; Lafenetre et al. 2011), this may not be
the case in a pathological context such as the injured brain. In fact, there is a
growing body of evidence in the epilepsy literature that suggests seizure-induced
neurogenesis is aberrant and detrimental to hippocampal and cognitive function
(Mukherjee et al. 2020; Jessberger and Parent 2015; Jack M. Parent et al. 2007;
Lybrand et al. 2021; Cho et al. 2015; Varma et al. 2019).

Especially given the evidence for increases in neurogenesis after TBI, directly
testing the functional role of these cells is imperative for careful therapeutic
development. There has been some recent work attempting to address this
question. Genetic ablation of neurogenesis in mice for 4 weeks post-CCI
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impaired spatial learning and memory in the Morris Water Maze (Blaiss et al.
2011). While not related to hippocampal neurogenesis, a similar approach
ablating neural stem cells in the SVZ found decreased neuronal survival and glial
cell number at the same time as increased glial hypertrophy (K. J. Dixon et al.
2015). A slightly different approach has been to use the drug AraC - an
antimitotic drug - to block proliferation. When administered for 1 week post-LFPI
in rats, AraC greatly reduces neurogenesis without affecting glial proliferation,
and impairs performance on the Morris Water Maze when tested 56-60 days
post-injury (D. Sun et al. 2015). Alternatively, when AraC was administered for 7
days prior to repetitive mild TBI in mice, there was a reduction of neurogenesis
along with a prevention of injury-induced learning and memory deficits (Greer et
al. 2020). Despite using the same ablation approach, these studies found
conflicting results on the functional role of neurogenesis after injury. A key point
to note here is the timing of treatment: as discussed above, the function of new
neurons is highly dependent on the age of the cell, so ablating neurogenesis
before vs. after an injury naturally affects the functional outcome of ablating those
cells. Another approach to modulate neurogenesis is by treatment with a drug.
Administration of a VEGFR2 antagonist decreased injury-induced neurogenesis
and decreased aberrant DG excitability and seizure susceptibility (Neuberger,
Swietek, et al. 2017). On the other hand, administration of curcumin for 4 weeks
after injury increased indices of neurogenesis and improved performance on the
Morris Water Maze (G. Sun et al. 2020). Notably, each of these studies
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described take a relatively blunt approach to manipulating neurogenesis; either
by administration of drugs with presumably other effects, or by
ablation/prevention of the new cells ever being born. With recent advances in
optogenetic and chemogenetic technology, it would be not only possible but
extremely interesting to selectively silence adult-born granule cells after injury to
directly assay their functional contribution to hippocampal physiology and
function.
1.3.2.3

In other injury/insult models

1.3.2.3.1

Epilepsy/seizures

TBI is not the only type of brain trauma that influences hippocampal
neurogenesis. One of the most well-studied pathological inductors of neurogenic
changes is seizures and epilepsy models. It has long been known that seizures
increase neurogenesis in rodents, and that these aberrant newborn cells
contribute to reorganization of the DG circuitry (J. M. Parent et al. 1997; Engel et
al. 2018; Jessberger, Zhao, et al. 2007; Muro-García et al. 2019). Furthermore,
these cells contribute to epilepsy and seizure-associated cognitive decline
(Jessberger, Nakashima, et al. 2007; Cho et al. 2015; Varma et al. 2019;
Lybrand et al. 2021; Althaus et al. 2019; Kron, Zhang, and Parent 2010; Jack M.
Parent and Murphy 2008). Interestingly, this work highlights a bidirectional
relationship between seizures/epilepsy and neurogenesis: seizures can induce
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aberrant neurogenesis, which can in turn contribute to future seizures/epilepsy.
Whether or not this is also the case with TBI remains to be understood.

1.3.2.3.2

Stroke

While not technically classified as a traumatic brain injury, ischemic stroke is
another common brain pathology that can have similar effects on inflammation,
cognition, and mood. Perhaps not surprisingly, stroke increases both
inflammation and neurogenesis (Tobin et al. 2014; Lindvall and Kokaia 2015; J.
Lu, Manaenko, and Hu 2017; Rahman et al. 2021). However, similar to TBI, it is
unclear whether this increase is beneficial or detrimental for recovery (Cuartero
et al. 2021).

1.4 Microglia
1.4.1 Origins
Microglia, the tissue-resident macrophages of the brain, originate in the yolk sac
during development before migrating into the neural tube (Ginhoux et al. 2013).
They make up approximately 5-20% of the total glial cell population in the central
nervous system (Perry 1998), and are dispersed throughout the brain and spinal
cord (Lawson et al. 1990). There is some evidence that there is regional
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heterogeneity of microglia, but this is still an active area of investigation (Y.-L.
Tan, Yuan, and Tian 2019).

1.4.2 Function
Microglia are one of the most dynamic and versatile cell types in the brain. They
are typically thought of as the macrophages of the brain, and do indeed perform
immunological functions such as phagocytosis and inflammatory signaling.
However, they are also involved in a variety of other processes, including
supporting (or hindering) neurogenesis, shaping neuronal circuitry, formation and
remodeling of vasculature, and maintenance of homeostasis (Tay et al. 2017).
For the purposes of this thesis, I will focus on the role of microglia in
neuroinflammation and neurogenesis. At rest, microglia are typically described as
having a “ramified” morphology, with numerous thin processes extending into
their surroundings in order to survey their environment. Upon some type of injury
or inflammatory insult, microglia often become activated, and have historically
been categorized into two primary phenotypes (Ekdahl 2012). The M1 phenotype
is the “classical” activated microglia: they thicken and retract their processes,
adopt a more amoeboid morphology, and release a variety of pro-inflammatory
cytokines into their surroundings. The alternative M2 phenotype has been
considered to be more neuroprotective, and is associated with release of antiinflammatory cytokines and neurotrophic factors to aid brain repair. While this
binary classification has been useful for understanding the seemingly conflicting
roles that microglia can play, more recent evidence suggests that it’s time to
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move beyond this simplistic idea (Martinez and Gordon 2014; Ransohoff 2016).
Microglia can exist in a wide range of activation states, the functional significance
of which can only be determined by the specific morphology, gene expression,
and soluble factors released. Additionally, reducing microglial activation to a
simple M1/M2 binary obscures the spatial and temporal heterogeneity of
microglial activation: it has been proposed that there are different intrinsic
subtypes of microglia, which each show activation in different ways (Stratoulias
et al. 2019). It has even been suggested that there is a specific subtype of
microglia specially suited for supporting neurogenesis (Stratoulias et al. 2019);
however, this was in reference to SVZ neurogenesis, and remains to be tested
directly.

Whether or not a dedicated subtype of microglia are responsible for supporting
neurogenesis, there is much evidence that microglia are indeed key regulators of
adult hippocampal neurogenesis. Some of the earliest work looking at how
microglia influence neurogenesis found that in vitro, co-culturing neural precursor
cells with microglia-conditioned media promoted differentiation into neurons
(Aarum et al. 2003). Later, it was shown that disruption of microglial fractalkine
signaling (via the CX3CR1 receptor) decreased both proliferation and survival of
progenitor cells (Bachstetter et al. 2011). On the other hand, microglial activation
induced by LPS injection was associated with decreased survival of newborn
neurons (Ekdahl et al. 2003). Furthermore, the reduction of neurogenesis
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accompanying the cranial irradiation-induced neuroinflammation can be rescued
by treatment with anti-inflammatory drugs (Monje, Toda, and Palmer 2003). In
the SGZ, a large proportion of progenitor cells that are born undergo apoptosis
and do not differentiate and integrate into the DG circuitry. Microglial
phagocytosis of these apoptotic cells is critical for maintaining homeostasis, and
this phagocytic activity persists even during an (acute) inflammatory challenge
(Sierra et al. 2010); chronic disruption of microglial phagocytosis impairs
neurogenesis (Diaz-Aparicio et al. 2020). Other recent work has focused on the
role of microglia in shaping and remodeling hippocampal circuitry, a necessary
part of integration of newborn neurons (C. Wang et al. 2020; Nguyen et al. 2020).
Taken together, these studies suggest that microglia have a complex and multifaceted influence on neurogenesis which cannot be reduced to simply universally
“promoting” or “inhibiting” - different microglial processes influence neurogenesis
in different ways, and the overall impact will depend on the balance of these
processes in a given brain environment.

1.4.3 Injury
Activated microglia in the context of inflammation was discussed briefly above,
but here I will discuss what is known about how microglia respond specifically to
traumatic brain injury. Early work using in vivo two-photon microscopy imaging
found that microglia proliferated and migrated to the site of laser-induced injury
and fused their processes, sequestering injured the brain tissue from surrounding
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healthy tissue (Davalos et al. 2005). Microglia express receptors that respond to
a wide variety of injury-related molecules, including PAMPs, DAMPs, ATP,
glutamate, and cytokines. In response, they release chemokines, cytokines (both
pro- and anti-inflammatory), and oxidative species (Kumar and Loane 2012).
Microglia can change their morphology after brain injury, including becoming
“rod-shaped” (Witcher et al. 2018; Morrison et al. 2017); hypertrophic (Henry et
al. 2020); de-ramified (Morrison et al. 2017); or even hyper-ramified (Grovola et
al. 2021). The functional significance of these different morphological outcomes
is still being explored, but suggests a complexity in activation states that goes
beyond the binary M1/M2 classification (see section above).

Independent of changes in morphology, the functional significance of the
microglia themselves is an active area of research. When microglial phagocytosis
is impaired, the rate of neuronal death is increased after TBI, pointing to a
neuroprotective role for microglia via clearance of debris (Herzog et al. 2019). On
the other hand, depletion of microglia during the chronic phase of injury reduced
neurological deficits and neurodegeneration, suggesting a detrimental role of
chronically activated microglia (Henry et al. 2020). Another group identified a
long non-coding RNA (lncRNA) that was overexpressed in mouse brain tissue
after injury, and found that genetic knock-down of this lncRNA decreased
microglial activation and rescued neurological deficits, neuron loss, and bloodbrain barrier damage (Liu et al. 2021). While these results may seem conflicting,
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it appears that many factors including the specific microglial function and the
timing of intervention post-injury play a role in determining whether microglia are
helpful or harmful for injury recovery. Only by careful examination of microglial
processes and their temporal dynamics can the field understand how to harness
microglia for brain repair.

1.5 Questions addressed in this work
All of the processes/phenomena described above have a distinct dimension of
time. TBI sequelae develop and change over hours to days to months;
neurogenesis occurs in stages which progress over a period of several weeks;
microglia are highly dynamic cells that are constantly adapting to their
environment. Despite the impressive library of work that has examined
neurogenesis and inflammation after various kinds of TBIs, a notable absence
from the literature is a comprehensive study examining the time course of
neurogenic and neuroinflammatory changes after mild LFPI in mice. Therefore, I
set out to answer two major questions in this dissertation:

● How does mild LFPI impact the stages of adult hippocampal neurogenesis
at acute, intermediate, and long-term stages after injury?
● How does mild LFPI impact microglia number at acute, intermediate, and
long-term stages after injury?
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By utilizing a variety of timepoints (3, 7, and 31 days post-injury), cellular markers
of different stages of neurogenesis, and a birth-dating approach with BrdU, the
next two chapters attempt to answer these questions. This provides a critical
piece of the foundation for therapeutic development, as the functional role/impact
of adult-born neurons is critically dependent on time (the age of the cells).
Furthermore, the functional role of microglia can shift over time and impact the
injured brain (and injury-induced new neurons!) in a nuanced and precise
fashion. Overall, this work is a fundamental step towards answering the future
question “Are new neurons born after injury reparative?”.
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Figure 1.1. Schematic of mouse hippocampus and dentate gyrus (DG).
(A) Schematic of a whole mouse brain showing bilateral location of the
hippocampus (grey structure). Exploded inset (red dotted lines) depicts a coronal
section through the dorsal hippocampus (tan indicates primary cell layers) with
the granule cell layer (GCL) of the DG indicated. (B) Schematic of enlarged DG
subregions. GCL is represented by densely-packed tan circles; individual tan
circles represent dorsal boundary of DG (hippocampal fissure). Green
circles/lines are GCL GCs and their axons project through the Hilus to eventually
reach CA3 (not pictured). Mol: molecular layer. SGZ: subgranular zone. oGCL:
outer granule cell layer.
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Chapter 2 - Mild Traumatic Brain Injury Induces
Transient, Sequential Increases in Proliferation,
Neuroblasts/Immature Neurons, and Cell
Survival: A Time Course Study in the Male
Mouse Dentate Gyrus
This chapter has been published as: Clark LR, Yun S, Acquah NK, Kumar PL,
Metheny HE, Paixao RCC, Cohen AS and Eisch AJ (2021) Mild Traumatic Brain
Injury Induces Transient, Sequential Increases in Proliferation,
Neuroblasts/Immature Neurons, and Cell Survival: A Time Course Study in the
Male Mouse Dentate Gyrus. Frontiers in Neuroscience 14:612749. doi:
10.3389/fnins.2020.612749. PMID: 33488351. PMCID: PMC7817782

Abstract
Mild traumatic brain injuries (mTBIs) are prevalent worldwide. mTBIs can impair
hippocampal-based functions such as memory and cause network
hyperexcitability of the dentate gyrus (DG), a key entry point to hippocampal
circuitry. One candidate for mediating mTBI-induced hippocampal cognitive and
physiological dysfunction is injury-induced changes in the process of DG
neurogenesis. There are conflicting results on how TBI impacts the process of
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DG neurogenesis; this is not surprising given that both the neurogenesis process
and the post-injury period are dynamic, and that the quantification of
neurogenesis varies widely in the literature. Even within the minority of TBI
studies focusing specifically on mild injuries, there is disagreement about if and
how mTBI changes the process of DG neurogenesis. Here we utilized a
clinically-relevant rodent model of mTBI (lateral fluid percussion injury, LFPI),
gold-standard markers and quantification of the neurogenesis process, and three
time points post-injury to generate a comprehensive picture of how mTBI affects
adult hippocampal DG neurogenesis. Male C57BL/6J mice (6-8 weeks old)
received either sham surgery or mTBI via LFPI. Proliferating cells,
neuroblasts/immature neurons, and surviving cells were quantified via stereology
in DG subregions (subgranular zone [SGZ], outer granule cell layer [oGCL],
molecular layer, and hilus) at short-term (3 days post-injury, dpi), intermediate (7
dpi), and long-term (31 dpi) time points. The data suggest this model of mTBI
induces transient, sequential increases in ipsilateral SGZ/GCL proliferating cells,
neuroblasts/immature neurons, and surviving cells which are suggestive of mTBIinduced neurogenesis. In contrast to these ipsilateral hemisphere findings,
measures in the contralateral hemisphere were not increased in key neurogenic
DG subregions after LFPI. Our work in this mTBI model is in line with most
literature on other and more severe models of TBI in showing TBI stimulates the
process of DG neurogenesis. However, as our DG data in mTBI provide
temporal, subregional, and neurogenesis-stage resolution, these data are
54

important to consider in regard to the functional importance of TBI-induction of
the neurogenesis process and future work assessing the potential of replacing
and/or repairing DG neurons in the brain after TBI.

2.1 Introduction
Traumatic brain injury (TBI) is a leading cause of death and disability in the
United States, affecting ~2.8 million new people annually (C. A. Taylor et al.
2017; “Report to Congress on Mild Traumatic Brain Injury in the United States,”
n.d.). TBI is a mechanical event that results in primary focal and/or diffuse brain
injury, often with secondary pathological sequelae and long-term neurological
consequences (Sterr et al. 2006; Katz, Cohen, and Alexander 2015; Daneshvar
et al. 2011). TBIs in humans are heterogeneous in location, severity, and
mechanism, but are typically classified as mild, moderate, or severe based on
severity and duration of acute symptoms (Narayan et al. 2002). Most research
has focused on moderate and severe injuries due to their dramatic impact on
brain health and cognition (Lippert-Grüner et al. 2006). However, the majority of
brain injuries sustained are classified as mild TBIs (mTBIs)(Faul et al. 2010; C. A.
Taylor et al. 2017). mTBIs induce no gross structural brain abnormalities, but can
lead to lasting cognitive deficits - particularly in regard to attention and memory
(Katz, Cohen, and Alexander 2015; Daneshvar et al. 2011). Injury-induced
cognitive deficits in the absence of gross brain damage can be replicated in
rodent models of mTBI (Lyeth et al. 1990; Eakin and Miller 2012). Notably, many
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of the cognitive deficits seen in both rodents and humans after TBI involve
hippocampal-dependent functions, such as spatial and contextual memory and
pattern separation (Witgen et al. 2005; C. J. Smith et al. 2012; Folweiler et al.
2018; Paterno, Metheny, and Cohen 2018). These cognitive deficits are
accompanied by electrophysiological changes in the hippocampus, including
hyperexcitability in the dentate gyrus (DG; Folweiler et al. 2018). The DG
typically acts as a “filter” or “gate”, with sparse activity limiting how much
information is relayed through to downstream areas (Hsu 2007). One theory
about mTBI-induced cognitive deficits posits that this “DG gate” breaks down
after injury, leading to excessive DG depolarization which spreads to area CA3
(Folweiler et al. 2018), thus disrupting this “gating” of information flow through the
hippocampus and causing cognitive dysfunction. Although an excitatory/inhibitory
imbalance is thought to mediate injury-induced cognitive deficits, the cellular and
network mechanisms underlying these mTBI-induced physiological and cognitive
deficits are unknown.

One potential contributor to rodent mTBI-induced physiological changes and
cognitive deficits is mTBI-induced changes in the generation of new hippocampal
DG granule cells. This process of DG neurogenesis consists of ‘stages’, including
proliferation (cell division of stem cells and their progeny in the subgranular zone
[SGZ]), generation of neuroblasts and immature neurons, and cell survival of
mature, glutamatergic DG granule cells (Aimone et al. 2014; Bond, Ming, and
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Song 2015; Gerd Kempermann, Song, and Gage 2015). The bidirectional
relationship between the activity of the DG as a whole and the process of
neurogenesis has been well-studied (Ikrar et al. 2013; Temprana et al. 2015; Ma
et al. 2009; Gerd Kempermann 2015). While the exact function of adult-born DG
granule cells is under debate, they are implicated in hippocampal-based
cognition such as contextual memory and pattern separation (Clelland et al.
2009; Nakashiba et al. 2012; Sahay et al. 2011; Tronel et al. 2010). The process
of DG neurogenesis also contributes to circuit excitability in both physiological
(Ikrar et al. 2013) and pathological conditions like epilepsy (Neuberger, Swietek,
et al. 2017; Cho et al. 2015). Given that the process of neurogenesis has potent
influence over hippocampal physiology and function, there is great interest in
understanding how it - and associated hippocampal physiology and function - is
changed after brain injury.

Indeed, many preclinical studies suggest the process of adult hippocampal DG
neurogenesis is changed after TBI (L. Ngwenya and Danzer 2018; Aertker, Bedi,
and Cox 2016; Bielefeld et al. 2019). However, the direction of the change is
disputed. TBI is reported to decrease (Hood et al. 2018; X. Gao et al. 2008),
increase (Blaiss et al. 2011; D. Sun 2016; Dash, Mach, and Moore 2001; Kernie,
Erwin, and Parada 2001; Neuberger, Swietek, et al. 2017; Laura E. Villasana et
al. 2015a), or not change (but rather increases in glial cell proliferation;
Chirumamilla et al. 2002; Rola et al. 2006) the process of DG neurogenesis.
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These discrepancies are likely related in part to differences in experimental
parameters, including time point post-TBI, ‘stage’ of the process examined,
approach to quantify the neurogenesis process, and TBI model used and its
severity. To this end, it is notable that rodent models of mild brain injury including lateral fluid percussion injury (LFPI), blast trauma, and weight drop also produce mixed effects on the process of DG neurogenesis (Neuberger,
Swietek, et al. 2017; X. Wang et al. 2016; Tomura et al. 2020; Bye et al. 2011).
Given that new neuron replacement has been suggested as a potential treatment
for TBI-induced cognitive dysfunction (D. Sun 2016; Blaiss et al. 2011; D. Sun et
al. 2015; Aertker, Bedi, and Cox 2016), and the prevalence of mTBI in humans, it
is surprising that only two rodent studies have examined injury-induced effects on
the process of DG neurogenesis after mTBI caused by LFPI. One LFPI study in
mice reported the number of neuroblasts/immature neurons labeled by
doublecortin (DCX) in the ipsilateral DG increased to the same magnitude in
Sham and mTBI mice vs. control mice (Aleem et al. 2020). However, this study
only examined DCX-immunoreactive (+) cells 7 days post-injury (dpi), which
urges study of additional time points; also this study did not provide neurogenesis
quantification methods, making it unclear whether this neurogenesis result is
meaningful. A very comprehensive LFPI study in rat sampled 4 time points postinjury and used stereology to quantify cells labeled with markers of several
stages of the neurogenesis process, and definitely showed a transient increase
in DCX+ cells 3 dpi (Neuberger, Swietek, et al. 2017). However, this study was
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performed in juvenile rats, leaving open the question of how mTBI changes the
process of neurogenesis in the adult mouse. In light of the cognitive and
physiological hippocampal changes seen in the mTBI mouse model (Witgen et
al. 2005; C. J. Smith et al. 2012; Folweiler et al. 2018; Paterno, Metheny, and
Cohen 2018), it is important to address this major knowledge gap: how does a
clinically-relevant model of mTBI change the dynamic process of DG
neurogenesis in the adult mouse?

To fill this knowledge gap, we exposed adult male mice to LFPI or Sham and
examined stages of DG neurogenesis at short-term (3 dpi), intermediate (7 dpi),
and long-term (31 dpi) time points. The clinically-relevant model LFPI was used
because it causes two changes in mice that are also seen in humans after mTBI:
1) both focal and diffuse injury but no necrotic cavity (Xiong, Mahmood, and
Chopp 2013; C. J. Smith et al. 2012; Brady et al. 2018) and 2) cognitive deficits,
such as worse hippocampal-based spatial memory (Folweiler et al. 2018). In our
study, we collected indices of proliferation (number of Ki67+ cells at all time
points, number of BrdU+ cells 3 dpi), neuroblasts/immature neurons (number of
DCX+ cells at all time points), and cell survival (number of BrdU+ cells 7 and 31
dpi). We find the ipsilateral DG neurogenic regions of LFPI mice have more
proliferation 3 dpi, more neuroblasts/immature neurons 7 dpi, and more new cell
survival 31 dpi relative to these regions in Sham mice. These results suggest this
model of mTBI produces a transient increase of DG neurogenesis in canonical
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DG neurogenic regions, consistent with the increased neurogenesis seen after
other and more severe models of TBI. We discuss this and other interpretations
of our DG data, and consider the implications for the temporal, subregional, and
neurogenesis-stage resolution data provided here for the first time in a mouse
model of mTBI.

2.2 Methods

2.2.1 Mice
Experiments were performed on 6- to 8-week-old male C57BL/6J mice (Jackson
Laboratory, Bar Harbor, ME; IMSR JAX:000664, RRID:IMSR_JAX:000664, Fig.
2.1A). Mice were group-housed 5/cage in an AAALAC-approved facility at
Children’s Hospital of Philadelphia (CHOP). The vivariums at the Colket
Translational Research Building (Penn/CHOP) are temperature- and humiditycontrolled. Lights are on at 6am and off at 6pm, and food and water are provided
ad libitum. All experiments were carried out in accordance with protocols
approved by the Institutional Animal Care and Use Committee of CHOP and the
guidelines established by the NIH Guide for the Care and Use of Laboratory
Animals.
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2.2.2 Craniectomy
All mice underwent craniectomy on day -1 of the experiment (C. E. Dixon et al.
1987; C. J. Smith et al. 2012). Mice were anesthetized with an intraperitoneal
(i.p.) injection of ketamine (100 mg/kg) and xylazine (6-16 mg/kg). Once
anesthetized, mice were placed in a stereotaxic frame (Stoelting, Wood Dale, IL,
USA), the scalp was incised and pulled away to fully expose the right parietal
bone. An ultra-thin Teflon disk (3-mm outer diameter) was positioned between
Lambda and Bregma and between the sagittal suture and the lateral ridge over
the right hemisphere, and then glued to the skull with Vetbond (3M, St. Paul, MN,
USA). Guided by the Teflon disk, a trephine was used to perform a 3-mm
diameter craniectomy over the right parietal area. Following craniectomy, a Luerlock needle hub (3-mm inner diameter) was secured above the skull opening with
Loctite superglue and dental acrylic, filled with saline and capped. Mice were
removed from the stereotaxic apparatus, placed on a heating pad until fully
recovered from anesthesia, and then returned to their respective home cage.

2.2.3 Lateral fluid percussion injury (LFPI)
Twenty-four hours (hrs) post-craniectomy, mice underwent LFPI or Sham surgery
(Fig. 1A; C. E. Dixon et al. 1987; C. J. Smith et al. 2012). Mice were placed under
isoflurane anesthesia (2% oxygen, 500ml/min) in a chamber. Respiration was
visually monitored until mice reached a surgical plane of anesthesia (1
61

respiration/2 sec). Mice were then removed from isoflurane and the needle hub
was refilled with saline and connected to the fluid percussion injury device
(Department of Biomedical Engineering, Virginia Commonwealth University) via
high-pressure tubing. The mouse was placed onto a heating pad on its left side.
On resumption of normal breathing pattern but before sensitivity to stimulation,
the injury was induced by a 20-msec pulse of saline onto the intact dura. The
pressure transduced onto the dura was monitored with an oscilloscope, with
injury severity ranging from 1.4 to 1.6 atmospheres. Sham mice underwent all
surgical procedures including attachment to the FPI device with exclusion of the
actual fluid pulse. Immediately after injury or sham surgery, the hub was removed
from the skull and the mouse was placed in a supine position to measure the
latency to righting. All mice in this study righted themselves within 3 min, while
Sham mice righted themselves in <1 min. After righting, the mouse was returned
to placement under isoflurane for scalp suturing. Mice recovered on a heating
pad until mobile, at which point they were returned to their home cage. Within a
cage, mice were exposed to either Sham or LFPI and post-surgery Sham and
LFPI mice were housed in the same cage. Two cohorts of 5 Sham and 5 LFPI
mice were generated for each condition at each time point (3, 7, and 31 days
post-Sham or post-LFPI).
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2.2.4 Bromodeoxyuridine (BrdU) administration
BrdU (Accurate Scientific, OBT0030G), a thymidine analog, was freshly-prepared
at 10mg/mL in 0.09% sterile saline and 0.007N NaOH. All mice received a single
150 mg/kg i.p. injection 3 days after Sham or LFPI (Fig. 2.1A). Mice were
weighed the morning of BrdU administration, and left undisturbed until BrdU
injection was delivered that afternoon, and also were undisturbed for 2 hours
post-BrdU injection. In C57BL/6J male mice, this BrdU dose and injection
procedure ‘pulse-labels’ cells in S-phase of the cell cycle at the time of BrdU
injection (Mandyam, Harburg, and Eisch 2007).

2.2.5 Tissue collection and immunohistochemistry (IHC)
Three, 7, or 31 days post-Sham or -LFPI (Fig. 2.1), mice were anesthetized with
chloral hydrate (400 mg/kg, i.p.) prior to intracardial perfusion with ice-cold 0.1 M
phosphate-buffered saline (PBS) for exsanguination followed by 4%
paraformaldehyde for fixation (Rivera et al. 2013; DeCarolis et al. 2014).
Extracted brains were immersed for 24-hrs in 4% paraformaldehyde in 0.1M PBS
at 4°C for post-fixation, followed by least 3 days of immersion in 30% sucrose in
0.1 M PBS for cryoprotection with 0.01% sodium azide to prevent bacterial
growth. For coronal brain sectioning, the brain of each mouse extending from
anterior to the DG to the cerebellum (from 0.22 to -5.34 μm from Bregma) was
sectioned at 30 μm in a 1:9 series using a freezing microtome (Leica SM 2000 R
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Sliding Microtome). Sections were stored in 1xPBS with 0.01% sodium azide at
4°C until processing for IHC. Slide-mounted IHC for Ki67+, DCX+, and BrdU+
cells in the DG was performed as previously described (Rivera et al. 2013;
DeCarolis et al. 2014). Briefly, one entire series of the hippocampus (every 9th
section) was slide-mounted onto charged slides (Fisher Scientific, 12-550-15,
Pittsburgh, PA). Slide-mounted sections underwent antigen retrieval (0.01 M
citric acid pH 6.9, 100°C, 15 min) followed by washing in 1xPBS at room
temperature. For BrdU IHC, two additional steps were performed to allow the
antibody access to DNA inside the cell nucleus: permeabilization (0.1% Trypsin
in 0.1 M TRIS and 0.1% CaCl2, 10 min) and denaturation (2N HCl in 1x PBS, 30
min). Non-specific binding was blocked with 3% serum (donkey) and 0.3% TritonX in PBS for 30 min. After blocking and pretreatment steps, sections were
incubated with rat-α-BrdU (1:400; Accurate catalog OBT0030, Westbury, NY),
rabbit-α-Ki67 antibody (1:500; Fisher Scientific catalog RM-9106S, Freemont,
CA), or goat-α-DCX (1:4000; Santa Cruz Biotechnology catalog sc-8066, Dallas,
TX) in 3% serum and 0.3% Tween-20 overnight. For single labeling IHC, primary
antibody incubation was followed by 1xPBS rinses, incubation with biotinylated
secondary antibodies (biotin-donkey-α-rat-IgG, catalog 712-065-153; biotindonkey-α-rabbit-IgG, catalog 711-065-152; or biotin-donkey-α-goat-IgG, catalog
705-065-003; all 1:200, all from Jackson ImmunoResearch, West Grove, PA) for
1 hr, and 1xPBS rinses. Next, endogenous peroxidase activity was inhibited via
incubation with 0.3% hydrogen peroxide (H2O2) for 30 min, followed by
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incubation with an avidin-biotin complex for 60-90 min (ABC Elite, Vector
Laboratories PK-6100). After another set of rinses in 1xPBS, immunoreactive
cells were visualized via incubation with metal-enhanced diaminobenzidine
(Fisher Scientific, 34065, Pittsburgh, PA) for 5-10 min. Finally, slides were
incubated for ~2 min in the nuclear counterstain, Fast Red (Vector Laboratories
catalog H3403), dehydrated via a series of increasing ethanol concentrations,
and coverslipped using DPX (Fisher Scientific, 50-980-370, Pittsburgh, PA).

2.2.6 Cavalieri volume estimation
Granule cell layer (GCL) volume was assessed using the Cavalieri Estimator
Probe within the Stereo Investigator software (H. J. Gundersen et al. 1988;
Basler et al. 2017; Harburg et al. 2007). All measurements were obtained using
the Stereo Investigator software (MBF Bioscience, Williston, VT) and a 40x
objective (numerical aperture [NA] 0.75) on a Zeiss AxioImager M2 microscope.
A 20 μm2 counting grid was superimposed over a live image of each section that
contained the DG. This grid was used to calculate the area of the GCL at each
distance from Bregma. Using the Cavalieri principle (H. J. G. Gundersen and
Jensen 1987; H. J. Gundersen et al. 1988), the area values were used to find the
volume of the DG GCL.
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2.2.7 Cell type quantification
Stereology was used to quantify indices relevant to the process of DG
neurogenesis (Ki67+, DCX+, and BrdU+ cell number), as described in each
subsection below and shown in Fig. 2.1B-G.

2.2.7.1

Quantification of Ki67+ and BrdU+ cells in the DG

Due to their rarity (Lagace et al. 2010), BrdU+ and Ki67+ cells were quantified
exhaustively in the DG in every 9th section spanning the entire hippocampus via
brightfield microscopy using a 40X objective (NA 0.90) on an Olympus BX 51
microscope. Factors considered in determining Ki67+ or BrdU+ cells were size,
color, shape, transparency, location, and focal plane. BrdU+ and Ki67+ cells
were quantified in 4 DG subregions: the SGZ (40um into the hilus and the inner
half of the GCL), widely considered to be the “neurogenic niche” of the DG
(Riquelme, Drapeau, and Doetsch 2008; Kezele et al. 2017; Obernier and
Alvarez-Buylla 2019; C. Zhao, Deng, and Gage 2008); the outer GCL (oGCL), to
which a minority of adult-generated cells migrate (Gerd Kempermann et al.
2003); the hilus, through which DG granule cells project their processes toward
CA3; and the molecular layer, the site of DG granule cell dendrites and DG
inputs from the entorhinal cortex. Resulting cell counts were multiplied by 9 to get
the total cell number.

66

2.2.7.2

Quantification of DCX+ cells in the DG

DCX+ cells in the DG were quantified via unbiased stereology in only one region
of interest (ROI): the SGZ and GCL proper (including the inner and oGCL). DCX+
cells in the oGCL were rare, and thus were considered part of the GCL. DCX+
cells in the hilus and molecular layer had ambiguous/faint staining with this and
other antibodies, and thus DCX+ cells in these regions were not quantified.
DCX+ cells in the SGZ/GCL are densely presented compared to the relatively
rare populations of Ki67+ and BrdU+ cells; therefore, DCX+ cells in the SGZ/GCL
were quantified using the optical fractionator workflow in StereoInvestigator
(MicroBrightField, MBF) (Lagace et al. 2010; J. P. Brown et al. 2003; S. Zhao et
al. 2010). Briefly, every 9th coronal section spanning the entire hippocampus was
analyzed on a Nikon Eclipse Ni or Zeiss AxioImager M2 microscope. The ROI
(SGZ/GCL) was traced for each section at 100X magnification (10X objective, NA
0.30). Quantification was performed at 400X (40X objective, NA 0.75) by
focusing through the Z-plane of the section. DCX+ cells were counted if they
fulfilled three criteria: the entire boundary of the cell body was visible, there was a
dendritic process emerging from the cell body, and the soma was darker than the
surrounding background. DCX+ cells were only excluded on the basis of size if
they were small enough to be a swelling of a dendrite (< ~5um).
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2.2.7.3

Quantification of Ki67+, BrdU+, and DCX+ cells along the

longitudinal axis (by Bregma)
For anterior/posterior analysis of Ki67+, BrdU+, and DCX+ cell number, results
were divided into anterior and posterior bins, defined by a division at Bregma
level -2.60mm (A. Tanti and Belzung 2013; Arnaud Tanti et al. 2012; Q.-G. Zhou
et al. 2016). Bregma level -2.60mm was identified based on when hippocampal
CA3 reaches approximately halfway down the dorsal/ventral extent of the brain,
and the corpus callosum no longer connects the left and right hemispheres
(Paxinos and Franklin 2019). Cell counts for each section anterior to -2.60mm
were summed and multiplied by 9 to get an anterior value for each mouse. The
same procedure was used for the posterior analysis, using all sections posterior
to Bregma level -2.60mm.

2.2.8 Data presentation and analysis and image presentation
Experimenters were blinded to injury condition, and code was only broken after
data analyses were complete. Counts for cellular markers were collected for at
least 5 (cohort 1) and at most 10 (cohorts 1 and 2) Sham and LFPI mice at the 3,
7, and 31-dpi time points. Due to the pandemic-decreed, multi-month lab shutdown, not every cellular marker at each time point was analyzed in both cohorts.
However, for cellular markers that were quantified in both cohorts, the data from
each cohort were pooled together after confirmation of no cohort variance. Data
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are presented as individual data points with mean and standard error of the
mean displayed. Data were assessed for normality with the Shapiro-Wilk test.
Normal data were analyzed with two-tailed t-test, and non-normal data were
analyzed with the Mann-Whitney test. Graphs were generated in GraphPad
Prism (version 8.0). Full details of statistical analyses for each figure panel are
provided in Tables S2.1 and S2.2. Photomicrographs were taken with an
Olympus DP74 camera using CellSens Standard software, or a Zeiss Lumina HR
color camera using MBF StereoInvestigator software, and imported into Adobe
Illustrator (version 24.3) for cropping and labeling. For photomicrographs in
Figures 2.2, 2.4, and 2.6, representative images from similar Bregma levels are
provided when the difference between Sham and LFPI cell numbers was
significant. For Figures 2.3, 2.5, and 2.7, a schematic of the DG with a given
subregion outlined in red is included to the left of the corresponding cell counts.

2.3 Results
2.3.1 Weight and gross locomotor activity 3, 7, and 31 dpi
This LFPI mouse model of mild TBI (C. E. Dixon et al. 1987; C. J. Smith et al.
2012) did not change weight or weight gain between Sham and LFPI mice when
at the three time points examined: 3, 7, or 31 dpi (Fig. 2.1A; data not shown).
Observation several hours prior to perfusion at each time point by an
experimenter blinded to injury condition did not reveal gross differences in
locomotor activity between Sham and LFPI mice.
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2.3.2 Three dpi: neurogenesis indices in the ipsilateral DG
neurogenic regions
Three days was selected as the earliest time point post-Sham or post-LFPI to
quantify indices of DG neurogenesis (proliferation and neuroblasts/immature
neurons). This was for two reasons. First, DG function and neurogenesis are
commonly studied 7 dpi (Hongjie Wu et al. 2018; Carlson and Saatman 2018;
Ibrahim et al. 2016; Gilley and Kernie 2011; Aleem et al. 2020; Shapiro 2017;
Neuberger, Swietek, et al. 2017; D. Sun et al. 2015), a time point when the DG is
hyperexcitable and DG-dependent spatial memory is impaired (Folweiler et al.
2018). DG neurogenesis influences both DG excitability and DG-dependent
behavior (Ikrar et al. 2013; Neuberger, Swietek, et al. 2017; E. H. Park et al.
2015; Lacefield et al. 2012). Therefore, examination of neurogenesis indices 3
dpi may reveal changes that influence the subsequent emergence of 7 dpi DG
hyperexcitability and functional impairment. Second, indices of DG proliferation
and neurogenesis are changed 3 dpi in more severe TBI models relative to
control animals (Laura Elena Villasana et al. 2019; Peters, Villasana, and Schnell
2018; Chirumamilla et al. 2002; Dash, Mach, and Moore 2001), but only a few
papers look at DG neurogenesis at an short-term time point post-mTBI, and the
results are mixed (Neuberger, Swietek, et al. 2017; X. Wang et al. 2016; Tomura
et al. 2020). To address this knowledge gap, the neurogenic regions of the DG
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(SGZ, GCL) from Sham and LFPI mice were assessed 3 dpi for indices of
proliferation (Ki67+ and BrdU+ cell number) and neuroblasts/immature neurons
(DCX+ cell number).

2.3.2.1

Three dpi, there are more Ki67+ proliferating cells (cells in the cell

cycle) in the ipsilateral neurogenic region (SGZ) in LFPI mice relative to Sham
mice
Ki67 is an endogenous protein with a short half-life expressed in all cells that are
in stages of the cell cycle (G1, S, G2, M)(D. C. Brown and Gatter 2002). Ki67+
cells in the adult mouse SGZ are thus in the cell cycle or “proliferating” at the
time of tissue collection (Mandyam, Harburg, and Eisch 2007), which is in
keeping with the clustering of Ki67+ nuclei seen in the SGZ of both Sham and
LFPI mice (Fig. 2.1F, 2.1Gi). Stereological assessment of Ki67+ SGZ cells mice
3 dpi revealed an effect of injury (Fig. 2.2A), with ~45% more Ki67+ SGZ cells in
LFPI vs. Sham mice (statistics for this and all subsequent measures provided in
Tables S2.1 and S2.2). As the DG, and thus the SGZ, varies along its
longitudinal axis in regard to afferents, efferents, and function (M. V. Wu et al.
2015; Scharfman 2011; Levone et al. 2020), Ki67+ cells were also quantified in
the anterior vs. posterior SGZ with the division defined as -2.60mm relative to
Bregma (A. Tanti and Belzung 2013). Similar to the analysis on the entire SGZ
(Fig. 2.2A), analysis of Ki67+ cell number in the anterior and posterior SGZ 3 dpi
revealed an effect of injury, with ~40% (Fig. 2.2B) and ~50% more Ki67+ cells
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(Fig. 2.2C), respectively, in the ipsilateral neurogenic SGZ of LFPI vs. Sham
mice.

2.3.2.2

Three dpi, the number of DCX+ neuroblasts/immature neurons in

the ipsilateral mouse SGZ/GCL is similar between Sham and LFPI mice
The SGZ/GCL of Sham and LFPI mice was examined for cells expressing DCX,
a microtubule-associated protein expressed in late progenitor cells (neuroblasts)
and immature neurons (Francis et al. 1999; Couillard-Despres et al. 2005;
Nacher, Crespo, and McEwen 2001; La Rosa, Ghibaudi, and Bonfanti 2019).
DCX+ cells were quantified in both SGZ and GCL as DCX+ cells with neurogenic
potential are clearly identifiable in both these DG subregions in control tissue. In
the SGZ/GCL of Sham and LFPI mice collected 3 dpi, there was no effect of
injury on total DCX+ cell number (Fig. 2.2D). When the SGZ/GCL in Sham and
LFPI mice 3 dpi was divided into anterior and posterior sections, there was also
no effect of injury on DCX+ cell number in either the anterior (Fig. 2.2E) or
posterior (Fig. 2.2F) bin.

2.3.2.3

Three dpi, the number of proliferating cells (cells in S phase of the

cell cycle) in the ipsilateral mouse SGZ is similar between Sham and LFPI mice
Finally, the SGZ of Sham and LFPI mice was analyzed for cells immunopositive
for BrdU, a thymidine analog administered to all mice 3 dpi. BrdU integrates into
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the DNA of cells in the S phase of the cell cycle at the time of BrdU injection. The
short in vivo bioavailability of BrdU in mice (<15 min, Mandyam, Harburg, and
Eisch 2007) allows a “pulse” labeling of cycling cells and the ability to track them
and their progeny over time. In the ipsilateral SGZ of Sham and LFPI mice
collected 3 dpi (2 hrs post-BrdU injection, Short-Term group, Fig. 2.1A, 2.1F),
there was no effect of injury (Fig. 2.2G). Parcellation of Sham and LFPI BrdU+
SGZ cell counts into anterior and posterior DG bins also showed no effect of
injury (Fig. 2.2H, 2.2I). While both Ki67 and short-term BrdU were examined as
indices of proliferation in the SGZ, they do not represent the same cell
population; exogenous BrdU “pulse” labels cells in S-phase, while Ki67 is an
endogenous marker of cells in G1, S, G2, and M phase. Thus, despite the lack of
change in SGZ BrdU+ cell number between Sham and LFPI mice (which
suggests the number of cells in S phase does not change 3 dpi), the greater
number of Ki67+ cells in LFPI vs. Sham mice suggests the number of
proliferating cells in the entire cell cycle is increased in the ipsilateral SGZ of
LFPI mice 3 dpi relative to Sham.

2.3.3 Three dpi: neurogenesis indices in the contralateral DG
neurogenic regions
Our main focus for this study was comparing indices of proliferation and
neurogenesis in neurogenic regions in the hemisphere ipsilateral to the injury in
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Sham and LFPI mice, in keeping with the common approach in studies of
unilateral injury. However, as the left and right mouse DG are neuroanatomically
connected, and as some TBI studies examine or even compare neurogenesis
indices between the ipsilateral and contralateral hemispheres (Hood et al. 2018;
Tran et al. 2006a; H. Zhou et al. 2012; X. Gao et al. 2008; Blaiss et al. 2011), we
also quantified these indices in the SGZ contralateral to the injury in Sham and
LFPI mice.

2.3.3.1

Three dpi, Ki67+ cell number is similar in the contralateral SGZ

between Sham and LFPI mice
In contrast to the Ki67+ cell results from the ipsilateral hemisphere (where there
are more Ki67+ cells in LFPI vs. Sham SGZ 3 dpi, Fig. 2.2A-C), in the
contralateral SGZ 3 dpi there was no effect of injury on total Ki67+ cell number
(Fig. S2.1A) and no effect of injury on Ki67+ cell number in either the anterior or
posterior contralateral SGZ (Fig. S2.1B-C).

2.3.3.2

Three dpi, DCX+ cell number is similar in the contralateral

SGZ/GCL between Sham and LFPI mice
Similar to the DCX+ cell results from the ipsilateral hemisphere (Fig. 2.2D-F), in
the contralateral SGZ/GCL there was no effect of injury on total DCX+ cell
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number 3 dpi (Fig. S2.1D) and no effect of injury on DCX+ cell number in either
the anterior or posterior contralateral SGZ/GCL (Fig. S2.1E-F).

2.3.3.3

Three dpi, BrdU+ cell number (cells in S phase of the cell cycle) is

similar in the contralateral SGZ between Sham and LFPI mice
Similar to the BrdU+ cell results from the ipsilateral hemisphere (Fig. 2.2G-I), in
the contralateral SGZ there was no effect of injury on total BrdU+ cell number 3
dpi (Fig. S2.1G) and no effect of injury on BrdU+ cell number in either the
anterior or posterior contralateral SGZ (Fig. S2.1H-I).

2.3.4 Three dpi: proliferation indices in the ipsilateral and
contralateral DG non-neurogenic regions
In naive rodents, new neurons primarily emerge from the main DG neurogenic
region: the SGZ/inner portion of the GCL; it is rare for other DG subregions
(hilus, oGCL, molecular layer) to give rise to new neurons. However, in naive
rodents, these “non-neurogenic” subregions contain proliferating cells (GarcíaMartinez, Sánchez-Huerta, and Pacheco-Rosado 2020). Notably, proliferation in
these non-neurogenic DG regions is often different in injured vs. sham rodents in
both the ipsilateral and contralateral hemispheres (Cho et al. 2015; Neuberger,
Swietek, et al. 2017; Du, Zhang, and Parent 2017). While these injury-induced
changes in proliferation in non-neurogenic DG regions may reflect division of
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precursors of glia, not neurons (Littlejohn, Scott, and Saatman 2020; Blümcke et
al. 2001; Avendaño and Cowan 1979; Hailer, Grampp, and Nitsch 1999;
Dragunow, de Castro, and Faull 1990), the impact of glia on DG structure and
function stress the importance of understanding how mTBI influences these
measures. Therefore, 3 dpi the ipsilateral and contralateral hilus, oGCL, and
molecular layer from Sham and LFPI mice were assessed for indices of
proliferation (Ki67+ and BrdU+ cell number). For DCX+ neuroblasts/immature
neurons, the oGCL DCX+ cells were considered as part of the SGZ/GCL analysis
(Figs. 2.2D-F, S2.1D-F; see sections 3.2.2 and 3.3.2); due to the presence of
faint or ambiguous DCX+ cells in the hilus and molecular layer with this and other
DCX+ antibodies in both experimental and control groups, DCX+ cells were not
quantified in the hilus or molecular layer.

2.3.4.1

Three dpi, there are more proliferating (Ki67+ and BrdU+ cells) in

ipsilateral non-SGZ DG subregions in LFPI mice relative to Sham mice
In the ipsilateral hilus 3 dpi, there was an effect of injury on total Ki67+ cells (Fig.
2.3A) and BrdU+ cells (Fig. 2.3D), with 135% and 130% more Ki67+ and BrdU+
cells, respectively, in LFPI vs. Sham mice. In the ipsilateral hemisphere,
parcellation of Sham and LFPI BrdU+ hilus cell counts into anterior and posterior
DG bins revealed significant effects of injury for both Ki67+ and BrdU+ cells in
the anterior and posterior hilus. In the ipsilateral hemisphere, LFPI mice had
100% more anterior Ki67+ cells (Fig. 2.3B), 150% more posterior Ki67+ cells
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(Fig. 2.3C), 90% more anterior BrdU+ cells (Fig. 2.3E), and 150% more posterior
BrdU+ cells (Fig. 2.3F) in the hilus vs. Sham mice. In the ipsilateral oGCL 3 dpi,
there was also an effect of injury on Ki67+ cells, with 275% more total (Fig.
2.3G), 260% more anterior (Fig. 2.3H), and ~290% more posterior (Fig. 2.3I)
Ki67+ cells in LFPI vs. Sham mice. However, in the ipsilateral oGCL 3 dpi, there
was no effect of injury on total BrdU+ oGCL cells (Fig. 2.3J) or on anterior or
posterior BrdU+ oGCL cells (Fig. 2.3K-L). In the ipsilateral molecular layer 3 dpi,
there was an effect of injury on total Ki67+ (Fig. 2.3M) and BrdU+ (Fig. 2.3P)
cells, with 240% and 160% more Ki67+ and BrdU+ cells, respectively, in LFPI vs.
Sham mice. In the ipsilateral parcellation of Sham and LFPI BrdU+ molecular
layer cell counts into anterior and posterior DG bins revealed significant effects of
injury with 250% more anterior Ki67+ (Fig. 2.3N), 230% more posterior Ki67+
(Fig. 2.3O), 80% more anterior BrdU+ (Fig. 2.3Q), and 270% more posterior
BrdU+ cells (Fig. 2.3R) cells in the molecular layer of LFPI vs. Sham mice. These
results show 3 dpi there is increased proliferation in the ipsilateral dentate gyrus
in DG subregions that are classically believed to be non-neurogenic.

2.3.4.2

Three dpi, there are more proliferating Ki67+ cells in some

contralateral non-SGZ DG subregions in LFPI mice relative to Sham mice
In the contralateral hilus 3 dpi, there was an effect of injury on Ki67+ cells, with
65% more total (Fig. S2.2A) and 50% more posterior (Fig. S2.2C) Ki67+ cells in
LFPI vs. Sham mice; the number of Ki67+ cells in the contralateral anterior hilus
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was similar between Sham and LFPI mice (Fig. S2.2B). There was no effect of
injury on total (Fig. S2.2D) or anterior or posterior (Fig. S2.2E-F) BrdU+ cell
number in the contralateral hilus 3 dpi. In the contralateral oGCL 3 dpi, there was
an effect of injury on Ki67+ cells, with 475% more total (Fig. S2.2G) and 520%
more posterior (Fig. S2.2I) Ki67+ cells in LFPI vs. Sham mice; as in the
contralateral hilus, Ki67+ cell number in the contralateral anterior oGCL was
similar between Sham and LFPI mice 3 dpi (Fig. S2.2H). There was no effect of
injury on total (Fig. S2.2J) or anterior (Fig. S2.2K) BrdU+ cells, but there were
75% fewer BrdU+ cells in the contralateral posterior oGCL (Fig. S2.2L) in LFPI
vs. Sham mice 3 dpi. In the contralateral molecular layer 3 dpi, there was no
effect of injury on Ki67+ cell number (total Fig. S2.2M; anterior and posterior Fig.
S2.2N-O) or BrdU+ cell number (total Fig. S2.2P, anterior and posterior Fig.
S2.2Q-R) 3 dpi. These results show 3 dpi there is increased proliferation in the
contralateral hilus and oGCL in LFPI vs. Sham mice, suggesting the influence of
mTBI on proliferation is not restricted to the ipsilateral neurogenic and nonneurogenic regions. As in the ipsilateral 3 dpi analyses, in the contralateral 3 dpi
analysis there is a disconnect between the impact of mTBI on the number of cells
in S phase (BrdU+ cells, which are similar between Sham and LFPI in all
contralateral DG subregions, with the exception of fewer BrdU+ cells in the oGCL
in LFPI vs. Sham mice) and on cells in the entire cell cycle (Ki67+ cells, which
are similar between Sham and LFPI in the contralateral SGZ but increased in the
contralateral hilus and oGCL in LFPI vs. Sham mice).
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2.3.5 Seven dpi: neurogenesis indices in the ipsilateral DG
neurogenic regions
The same markers examined in ipsilateral 3 dpi DG were also analyzed in the
ipsilateral DG of brains collected 7 dpi (Fig. 2.4). Since all mice received a BrdU
injection 3 dpi, by 7 dpi these BrdU+ cells represent cells that were in S-phase of
the cell cycle 4 days prior, but may no longer be actively proliferating (Mandyam,
Harburg, and Eisch 2007; Cameron and McKay 2001; Dayer et al. 2003).

2.3.5.1

Seven dpi, there are the same number of Ki67+ proliferating cells in

the ipsilateral SGZ in LFPI and Sham mice
In the ipsilateral SGZ of Sham and LFPI mice 7 dpi, there was no effect of injury
on total Ki67+ cell number (Fig. 2.4A). When divided into anterior/posterior bins,
there was no effect of injury on Ki67+ cell number in either the anterior (Fig.
2.4B) or posterior (Fig 2.4C) ipsilateral SGZ 7 dpi.

2.3.5.2

Seven dpi, there are more DCX+ neuroblasts/immature neurons in

the ipsilateral mouse SGZ/GCL in LFPI mice relative to Sham mice
In the ipsilateral SGZ/GCL of Sham and LFPI mice 7 dpi, there was an effect of
injury (Fig. 2.4D), with ~35% more total DCX+ SGZ/GCL cells in LFPI vs. Sham
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mice. When divided into anterior/posterior bins, there was no effect of injury on
DCX+ cell number in the ipsilateral anterior SGZ/GCL (Fig 2.4E), but there was
an effect of injury on DCX+ cell number in the ipsilateral posterior SGZ/GCL (Fig.
2.4F) with ~40% more DCX+ SGZ/GCL cells in LFPI vs. Sham mice 7 dpi.

2.3.5.3

Seven dpi, the number of BrdU+ cells (cells in S phase 4 days

prior) in the ipsilateral mouse SGZ is similar between Sham and LFPI mice
In the ipsilateral SGZ of Sham and LFPI mice 7 dpi, there was no effect of injury
on total BrdU+ cell number (Fig. 2.4G). When divided into anterior/posterior bins,
there was no effect of injury on BrdU+ cell number in either the anterior (Fig.
2.4H) or posterior (Fig. 2.4I) ipsilateral SGZ 7 dpi.

2.3.6 Seven dpi: neurogenesis indices in the contralateral DG
neurogenic regions

2.3.6.1

Seven dpi, the number of Ki67+ proliferating cells in the

contralateral SGZ is similar between Sham and LFPI mice
In the contralateral SGZ of Sham and LFPI mice 7 dpi, there was no effect of
injury on total Ki67+ cell number (Fig. S2.3A) or on Ki67+ cell number in the
anterior (Fig. S2.3B) or posterior (Fig. S2.3C) contralateral SGZ.
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2.3.6.2

Seven dpi, the number of BrdU+ cells (cells in S phase 4 days

prior) in the contralateral SGZ in is similar between Sham and LFPI mice
In the contralateral SGZ of Sham and LFPI mice 7 dpi, there was no effect of
injury on total BrdU+ cell number (Fig. S2.3A) or on BrdU+ cell number in either
the anterior (Fig. S2.3B) or posterior (Fig. S2.3C) contralateral SGZ.

2.3.7 Seven dpi: proliferation indices in the ipsilateral and
contralateral DG non-SGZ regions

2.3.7.1

Seven dpi, the numbers of Ki67+ proliferating cells and BrdU+ cells

(cells in S phase 4 days prior) in the ipsilateral non-SGZ DG subregions are
similar in Sham and LFPI mice
In the ipsilateral DG 7 dpi, there was no effect of injury on Ki67+ cell number in
the total hilus, oGCL, or Mol (Fig. 2.5A, G, M) or in the anterior or posterior hilus,
oGCL, or Mol (Fig. 2.5B-C, H-I, N-O). Similarly, in the ipsilateral DG 7 dpi, there
was no effect of injury on BrdU+ cell number in the total hilus, oGCL, or Mol (Fig.
2.5D, J, P) or in the anterior or posterior hilus, oGCL, or Mol (Fig. 2.5E-F, K-L,
Q-R).
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2.3.7.2

Seven dpi, the numbers of Ki67+ proliferating cells and BrdU+ cells

(cells in S phase 4 days prior) in the contralateral non-SGZ DG subregions are
similar in Sham and LFPI mice
In the contralateral DG 7 dpi, there was no effect of injury on Ki67+ cell number
in the total hilus, oGCL, or Mol (Fig. S2.4A, G, M) or in the anterior or posterior
hilus, oGCL, or Mol (Fig. S2.4B-C, H-I, N-O). Similarly, in the contralateral DG 7
dpi, there was no effect of injury on BrdU+ cell number in the total hilus, oGCL, or
Mol (Fig. S2.4D, J, P) or in the anterior or posterior hilus, oGCL, or Mol (Fig.
S2.4E-F, K-L, Q-R).

2.3.8 Thirty-one dpi: neurogenesis indices in the ipsilateral DG
neurogenic regions
The same markers examined in 3 and 7 dpi ipsilateral tissue were also analyzed
in tissue harvested 31 dpi (Fig. 2.4). BrdU+ cells 31 dpi reflect cells that were in
S-phase of the cell cycle 28 days prior.

2.3.8.1

Thirty-one dpi, the number of Ki67+ proliferating cells in the

ipsilateral mouse SGZ is similar between Sham and LFPI mice
In the ipsilateral SGZ 31 dpi, there was no effect of injury on Ki67+ cell number in
the total (Fig. 2.6A) or the anterior or posterior SGZ (Fig. 2.6B, C). Given the cell
cycle length of mouse SGZ cells and the dilution of BrdU that occurs with
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additional cell division (Mandyam, Harburg, and Eisch 2007; Cameron and
McKay 2001; Dayer et al. 2003), detectable BrdU+ SGZ cells 31 dpi are unlikely
to be still proliferating, and thus here are interpreted as surviving cells.

2.3.8.2

Thirty-one dpi, the number of DCX+ neuroblasts/immature neurons

in the ipsilateral mouse SGZ/GCL is similar between Sham and LFPI mice
In the ipsilateral DG 31 dpi, there was no effect of injury on DCX+ cell number in
the total (Fig. 2.6A) or the anterior or posterior SGZ/GCL (Fig. 2.6B, C).

2.3.8.3

Thirty-one dpi (28 d post-BrdU injection), the number of BrdU+ cells

in the ipsilateral mouse SGZ is greater in LFPI vs. Sham mice
In the ipsilateral DG 31 dpi, there was an effect of injury on BrdU+ cell number in
the total SGZ (Fig. 2.6G), with ~45% more cells in LFPI vs. Sham mice. When
divided into anterior/posterior bins, there was also an effect of injury with ~30%
(Fig. 2.6H) and ~75% more BrdU+ cells (Fig. 2.6I), respectively, in LFPI vs.
Sham mice (Fig. 2.6B, C). These data suggest that all the number of cells in Sphase is unchanged when BrdU is first injected (Fig. 2.2G-I), survival of those
BrdU+ cells and/or their progeny is increased in LFPI mice by 31 dpi vs. Sham
mice.
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2.3.9 Thirty-one dpi: neurogenesis indices in the contralateral DG
neurogenic regions

2.3.9.1

Thirty-one dpi, the number of Ki67+ proliferating cells in the

contralateral SGZ is similar between Sham and LFPI mice
In the contralateral SGZ of Sham and LFPI mice 31 dpi, there was no effect of
injury on total Ki67+ cell number (Fig. S2.5A) or on Ki67+ cell number in the
anterior (Fig. S2.5B) or posterior (Fig. S2.5C) contralateral SGZ.

2.3.9.2

Thirty-one dpi, the number of DCX+ immature neurons/neuroblasts

in the contralateral SGZ/GCL is similar between Sham and LFPI mice
In the contralateral SGZ/GCL of Sham and LFPI mice 31 dpi, there was no effect
of injury on total DCX+ cell number (Fig. S2.5D) or on DCX+ cell number in the
anterior (Fig. S2.5E) or posterior (Fig. S2.5F) contralateral SGZ.

2.3.9.3

Thirty-one dpi (28 d post-BrdU injection), the number of BrdU+ cells

in the contralateral SGZ is similar between Sham and LFPI mice
In the contralateral SGZ of Sham and LFPI mice 31 dpi, there was no effect of
injury on total BrdU+ cell number (Fig. S2.5G) or on BrdU+ cell number in the
anterior (Fig. S2.5H) or posterior (Fig. S2.5I) contralateral SGZ.
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2.3.10

Thirty-one dpi: proliferation and cell survival indices in the

ipsilateral and contralateral DG non-neurogenic regions

2.3.10.1

Thirty-one dpi, the number of Ki67+ proliferating cells in the

ipsilateral non-SGZ DG subregions are similar in Sham and LFPI mice, but the
numbers of surviving BrdU+ cells in the ipsilateral non-SGZ DG subregions are
higher in LFPI vs. Sham mice
In the ipsilateral DG 31 dpi, there was no effect of injury on Ki67+ cell number in
the total hilus, oGCL, or Mol (Fig. 2.7A, G, M) or in the anterior or posterior hilus,
oGCL, or Mol (Fig. 2.7B-C, H-I, N-O). However, similar to the ipsilateral SGZ 31
dpi, in the ipsilateral DG 31 dpi, there was an effect of injury on BrdU+ cell
number in the total hilus, oGCL, and Mol (Fig. 2.7D, J, P) with ~460%, 75%, and
230% more BrdU+ cells, respectively, in LFPI vs Sham mice. When divided into
anterior/posterior bins, there was an effect of injury in the anterior and posterior
hilus (Fig. 2.7E-F), posterior oGCL (Fig. 2.7L), and anterior and posterior
molecular layer (Fig. 2.7Q-R) with 460%, 470%, 85%, 210%, and 260% more
BrdU+ cells in these regions in LFPI vs. Sham mice 31 dpi. Together, these data
suggest that more BrdU+ cells in other non-SGZ subregions survive out to 31 dpi
in LFPI vs. Sham mice.
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2.3.10.2

Thirty-one dpi, the numbers of Ki67+ proliferating cells and

BrdU+ cells in the contralateral non-SGZ DG subregions are similar in Sham and
LFPI mice
In the contralateral DG 31 dpi, there was no effect of injury on Ki67+ cell number
in the total hilus, oGCL, or Mol (Fig. S2.6A, G, M) or in the anterior or posterior
hilus, oGCL, or Mol (Fig. S2.6B-C, H-I, N-O). Similarly, and in contrast to the
greater number of surviving BrdU+ cells in the ipsilateral hemisphere in LFPI vs.
Sham mice, in the contralateral DG 31 dpi, there was no effect of injury on BrdU+
cell number in the total hilus, oGCL, or Mol (Fig. S2.6D, J, P) or in the anterior or
posterior hilus, oGCL, or Mol (Fig. S2.6E-F, K-L, Q-R).

2.3.11

DG GCL volume 3, 7, and 31 days after Sham or LFPI

Given that in the ipsilateral hemisphere LFPI mice had greater proliferation 3 dpi,
more immature/neuroblasts 7 dpi, and more surviving BrdU+ cells 31 dpi relative
to Sham mice (Fig. 2.8), it is important to see if these cell number changes
influence the total volume of the GCL. In fact, assessing GCL volume is critical
for interpretation of cell number changes (Harburg et al. 2007; McDonald and
Wojtowicz 2005; Brummelte and Galea 2010). The results of the Cavalieri
Estimator to measure ipsilateral and contralateral GCL volume 3, 7, and 31 dpi
are provided in Table 2.1. In brief, there was no effect of injury on GCL volume at
any time point in either the ipsilateral or contralateral hemisphere. These volume
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data suggest that the change in neurogenesis is a true change in the underlying
process, rather than a matter of scale to match volume changes.

2.4 Discussion
In the preclinical TBI literature - even within the minority of studies focused
specifically on mild injuries - there is disagreement about if and how mTBI
changes the process of DG neurogenesis. Here we utilized a clinically-relevant
rodent model of mTBI (LFPI), gold-standard neurogenesis markers and
quantification approaches, three time points post-injury, and analysis of defined
DG subregions to generate a comprehensive picture of how mTBI affects the
process of adult hippocampal DG neurogenesis. We report five major findings,
which are also summarized in Figure 2.8. In the ipsilateral hemisphere classical
neurogenic DG regions (SGZ/GCL), LFPI leads to 1) a transient increase in
proliferating cells 3 dpi; 2) a transient increase in neuroblasts/immature neurons
7 dpi; and 3) sustained survival of BrdU+ cells 31 dpi, all relative to Sham. In
ipsilateral hemisphere DG subregions typically considered to be non-neurogenic
(hilus, oGCL, molecular layer), LFPI leads to 4) a transient increase in
proliferating cells 3 dpi and 5) sustained survival of BrdU+ cells 31 dpi, both
relative to Sham. Our ipsilateral data are in line with the large fraction of literature
that reports increased DG neurogenesis in other and more severe models of TBI.
However, our data in this mTBI model importantly add temporal, stage-specific,
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and DG subregional resolution to the literature. Below we discuss these findings
in the context of the current literature, consider several interpretations of these
data, and mention what they mean for efforts to harness the regenerative
capacity of adult-generated DG neurons as a treatment for mTBI-induced
cognitive changes.

To gain temporal resolution on how mTBI influences the process of DG
neurogenesis, we first examined tissue 3 dpi to a) avoid the immediate
mechanical effects of the LFPI, b) give the brain time to mount a response to the
injury, and c) select a time point frequently represented in the TBI literature. We
found more Ki67+ cells in the ipsilateral SGZ 3 dpi, consistent with the idea that
there is increased proliferation in the ipsilateral DG neurogenic niche after TBI
(Laura Elena Villasana et al. 2019; Laura E. Villasana et al. 2015a; Chirumamilla
et al. 2002; Dash, Mach, and Moore 2001). Brain injury-induced increased DG
proliferation at this short time point may be due to a variety of factors, from
proliferation of microglia or astrocytes subsequent to inflammation (Rola et al.
2006; C.-F. Wang et al. 2019; McAteer et al. 2016; Piao et al. 2013; Bedi et al.
2018; Chiu et al. 2016; Krukowski et al. 2018) or proliferation of neural stem cells
and progenitors due to abnormal network activity. Careful readers may have
noticed more Ki67+ cells (Fig. 2.2A-C) but no change in BrdU+ cell number (Fig.
2.2G-I) in LFPI vs. Sham mice 3 dpi (Fig. 2.8). This apparent discrepancy
between these markers of proliferating cells can be accounted for by their distinct
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uses: exogenous BrdU is incorporated only by cells in S phase, while
endogenous Ki67 is expressed in cells throughout all cell cycle stages. As seen
in prior work (Arguello et al. 2008; Lagace et al. 2010; Farioli-Vecchioli et al.
2012), this disconnect between these markers of proliferation may reflect a
change in the number of cycling cells, or even the length of the cell cycle. Future
work specifically assessing how mTBI changes SGZ cell cycle kinetics is
warranted to address these possibilities.

The next time point, 7 dpi, was also selected due to it being consistently
examined for TBI-induced changes in electrophysiology and behavior
(Santhakumar et al. 2000, 2001; Zhang et al. 2018; Schurman et al. 2017).
Indeed, the same LFPI parameters used here have been shown to result in DG
hyperexcitability and deficits in DG-based cognition 7 dpi (Folweiler et al. 2018;
C. J. Smith et al. 2012; Paterno, Metheny, and Cohen 2018), implying that
hippocampal circuitry is disrupted in this mTBI model 7 dpi. An additional reason
for choosing 7 dpi is that it allowed comparison to the progression of
neurogenesis indices relative to 3 dpi. Based on the TBI-induced DG
hyperactivity 7 dpi and the well-known ability of neuronal activity to stimulate
neurogenesis (Gerd Kempermann, Song, and Gage 2015; Gerd Kempermann
2015; Káradóttir and Kuo 2018), we expected to see more DCX+ cells 7 dpi,
which we did (Fig. 2.8). One interpretation of the increased DCX+ cells 7 dpi in
the ipsilateral SGZ/GCL in LFPI vs. Sham mice is that at least some of the
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proliferating cells in the SGZ seen at 3 dpi express markers of immature neurons
4 days later at 7 dpi.

Previous work suggests that cells in the immature neuron stage at the time of
injury (cells ‘born’ before the injury) are vulnerable to injury-induced cell death
(Hood et al. 2018; X. Gao et al. 2008; X. Gao, Enikolopov, and Chen 2009; H.
Zhou et al. 2012). Our study did not directly assess the susceptibility of existing
immature neurons to mTBI, as we were focused on the influence of mTBI on the
process of neurogenesis after the injury. However, in this study, two pieces of our
data suggest existing immature neurons are not susceptible to mild LFPI-induced
cell death. First, if immature DCX+ cells were vulnerable to injury-induced death,
we might expect to see fewer DCX+ cells 3 dpi in the ipsilateral SGZ/GCL LFPI
vs. Sham mice, as this population in part reflects cells born before the injury.
However, we find DCX+ cell numbers are similar between Sham and LFPI mice 3
dpi. Second, if there was significant death of the DCX+ population after injury, we
might expect a smaller GCL at the short-term time point; instead, we see similar
DG GCL volume 3 dpi in Sham and LFPI mice. While these data suggest there is
no gross loss of immature neurons due to the injury, future studies could directly
address this by giving a BrdU injection prior to injury to label a cohort of cells
born before the TBI, or by examining time points after the injury even earlier than
3 dpi.
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In some models of injury, DCX+ cells have been reported outside the canonical
DG neurogenic regions (the SGZ and inner GCL; Ibrahim et al. 2016; Shapiro
2017). In our work here with an mTBI model, DCX+ cells in the oGCL were rare,
thus we combined DCX+ cell counts in the inner and oGCL and SGZ. In addition,
DCX+ cells in the hilus and molecular layer had ambiguous/faint staining,
preventing reliable quantification of DCX+ cells in these non-canonical
neurogenic DG regions. While this suggests our mTBI model leads to minimal
DCX+ cells present outside of the SGZ and GCL, it is also possible that a more
sensitive approach - such as a transgenic DCX+ reporter mouse - or distinct
study design - such as labeling mitotic cells prior to injury - may reveal LFPIinduced DCX+ cells outside of these canonical DG neurogenic regions.

The final 31 dpi time point matches with evidence that the ipsilateral DG remains
hyperexcitable 30 dpi (Tran et al. 2006a) as well as the ~4 weeks it takes for
adult-born granule cells to integrate fully into hippocampal circuitry (J. P. Brown
et al. 2003; Yan Gu et al. 2012). The BrdU injected 3 dpi intercalates into DNA of
dividing cells such that staining for BrdU at 3 dpi will reveal the progeny of the
initially-labelled cells that survived to 31 dpi. Here we report more BrdU+ cells in
the ipsilateral SGZ 31 dpi in LFPI vs. Sham mice. As LFPI and Sham mice had
the same number of BrdU+ cells 3 dpi (Fig. 2.2G-I) and 7 dpi (Fig. 2.4G-I), this
emergence of more BrdU+ cells in LFPI vs. Sham SGZ 31 dpi combined with the
overall fewer BrdU+ cells in 31 vs. 3 dpi tissue (Fig. 2.6G-I) suggests an effect of
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survival (Fig. 2.8). In other words, the rate of survival of BrdU+ cells in LFPI mice
was higher (or the rate of death was lower) than the rate of BrdU+ in Sham mice.
While the mechanisms mediating this difference are beyond the scope of this
study, it is intriguing to consider if the TBI-induced hyperactivity reported 30 dpi
(Tran et al. 2006a) is responsible for this LFPI-induced survival, particularly given
the well-described “activity-dependence” of adult-generated neurons (Deisseroth
et al. 2004; Káradóttir and Kuo 2018; Ma et al. 2009).

One caveat when discussing BrdU+ cells in the intermediate (7 dpi) and longterm (31 dpi) groups is that the DG subregion may influence the data
interpretation. In the DG of naive adult male mice, BrdU has an in vivo half-life of
15 minutes (Mandyam, Harburg, and Eisch 2007), and thus BrdU labels cells that
are in S-phase at the time of injection. In the SGZ, where the cell cycle is known
to be 12 hours (Mandyam, Harburg, and Eisch 2007), we believe BrdU+ cells 7
and 31 dpi are post-mitotic, not cells that are still dividing. We favor this
interpretation in the SGZ, as more than a few cell cycles would dilute the BrdU
and make cells less likely to be detected via IHC (Dayer et al. 2003). Further
supporting a post-mitotic state for SGZ BrdU+ cells 7 and 31 dpi is that our LFPI
mice have more Ki67+ SGZ cells vs. Sham mice at 3 dpi, but LFPI and Sham
Ki67+ SGZ cell numbers are similar at 7 and 31 dpi. Beyond being post-mitotic,
we also suspect BrdU+ SGZ cells 31 dpi are mature granule cell neurons, but
this speculation merits more discussion (see the first ‘future direction’ below).
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Outside of the SGZ, it is more likely that BrdU injection 3 dpi labels proliferating
cells whose progeny become non-neuronal cells. Certainly, reactive gliosis is
evident in many brain regions in other and more severe TBI models (Caplan et
al. 2020; Acosta et al. 2013; Newell et al. 2019). The spatiotemporal extent and
severity of reactive astro- and micro-gliosis in DG subregions in this mild LFPI
model is less well-studied, although there is reactive astrocytosis in the ipsilateral
hippocampus 7 dpi (Smith et al. 2015). Therefore, it is possible (and even likely)
that dividing glia or other brain cells take up BrdU (from the BrdU injection
administered 3 dpi) and persist in the hilus, oGCL, and molecular layer, DG
subregions which have distinct cell cycle kinetics from the SGZ (Mandyam,
Harburg, and Eisch 2007), and thus whose progeny may still be proliferating 7
and 31 dpi. If these progeny of hilus, oGCL, and molecular layer cells do become
post-mitotic, it is also possible their non-neuronal post-mitotic progeny survive to
7 and 31 dpi. While these are reasonable speculations, these possible DG
subregion-dependent state and fate outcomes warrant testing with cell cycle
markers in both Sham and LFPI tissue, and usually multiple time points.
Minimally, though, our data suggest the importance of considering the dynamics
and DG subregion-dependent effects of injury-induced neurogenesis.

While we report LFPI leads to transient, sequential changes in proliferating cells,
neuroblasts/immature neurons, and surviving cells, we find no LFPI-induced
change in DG granule cell layer volume (Table 2.1). Volume is an important
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consideration since more new cells may be compensating for TBI-induced cell
loss caused by the injury. However, our data suggest there is no decrease in the
size of the GCL, and therefore no major tissue loss, raising the possibility of
overcompensation by the brain. Additionally, many papers examining
neurogenesis after TBI report neurogenic cell counts in terms of density, not in
terms of stereologically-determined cell number. While density is a useful metric,
reporting both GCL volume and cell counts allows for comparison with those
studies while preserving data resolution (increased density of new neurons could
be from either increased number of cells or a decrease in volume). Therefore,
our data demonstrating more neurogenesis in the absence of increased GCL
volume reflects a true increase in the neurogenic rate, rather than an overall
increase in DG processes or capacity.

Our findings raise several important future directions. First, it will be important to
definitively determine how mTBI influences the fate and integration of adultgenerated DG granule cells into DG circuitry. As for the fate of these cells, there
are several reasons we interpret the LFPI-induced increase in BrdU+ SGZ cells
31 dpi as reflecting increased survival specifically of adult-born DG granule cells.
This interpretation is supported by the size, shape, and location of the BrdU+
cells. The BrdU+ nuclei are the right size (~10um) to be neuronal nuclei of DG
granule neurons. The cell bodies of the BrdU+ nuclei are circular, suggestive of
neurons (or at least not suggestive of reactive astrocytes or other glia), and they
94

are in the SGZ and inner GCL where most adult-generated neurons end up
(Gerd Kempermann et al. 2003). While it is possible that some of the BrdU+ cells
31 dpi outside of the neurogenic SGZ/GCL are glia or other brain cells, most
astrocytes and microglia reside in the hilus and molecular layer and only sparsely
populate the GCL. Nevertheless, conclusive determination of the neuronal fate of
BrdU+ SGZ cells 31 dpi will require phenotypic analysis of BrdU+ SGZ cells 31
dpi with a neuronal marker and/or electrophysiological characterization. Second,
as other models of TBI and seizure models result in aberrant migration of adultborn DG neurons (Ibrahim et al. 2016; Shapiro et al. 2011; Murphy et al. 2012;
Dashtipour et al. 2003; Shapiro, Ribak, and Jessberger 2008; Emery et al. 2005;
Ratliff et al. 2020), future work could assess whether the greater number of
BrdU+ cells in DG subregions adjacent to the SGZ (hilus and oGCL) means this
may also be occurring in our mTBI model. In our study, DCX+ staining in nonneurogenic regions was ambiguous, but future work using transgenic or viralmediated visualization of DCX+ cells or the neuronal phenotyping mentioned
above would be useful in this regard (Tensaouti, Yu, and Kernie 2020; van Praag
et al. 2002; Laplagne et al. 2006; J. D. Cole et al. 2020; Wood et al. 2011;
Kathner-Schaffert et al. 2019). Third, it will be important to assess if our mTBI
model changes the dendritic morphology of the adult-born DG granule cells as
has been reported in other and more severe TBI models (X. Gao et al. 2011;
Folkerts et al. 1998; Ibrahim et al. 2016; Laura E. Villasana et al. 2015a). In this
mTBI model, there were no injury-induced gross visual differences in DCX+
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process length, thickness, or angle. However, our stained DG tissue was marked
by a high density of immature neuron processes, typical of DCX+ staining in
young adult mice (Laura Elena Villasana et al. 2019; M. V. Wu and Hen 2014),
and this prevented performing a rigorous quantitative analysis of dendritic
morphology. Future studies could more carefully address the impact of mTBI on
dendritic morphology using alternative methods (i.e., fluorescent retroviral
labeling) to more sparsely label new DG neurons, allowing for high-resolution
analysis of newborn cell dendritic morphology.

A final future direction will be to clarify the question of functional significance of
the injury-induced transient surge of proliferating cells, immature neurons, and
surviving cells shown here. Certainly, in uninjured animals, DG neurogenesis is
critical for cognitive function (Sahay et al. 2011; Clelland et al. 2009). After injury,
the prevailing idea is that increased neurogenesis represents an attempt by the
brain to repair itself, and thus it aids functional recovery (Blaiss et al. 2011; D.
Sun et al. 2015). However, preclinical work in seizures (Cho et al. 2015) and TBI
(Neuberger, Swietek, et al. 2017) have questioned the assumption that more new
neurons are always beneficial, and underscore that the timing and methods of
manipulating new DG neurons may influence the outcome of such studies.
Because adult-born neurons are exquisitely sensitive to external cues (Ming and
Song 2005; Gerd Kempermann, Song, and Gage 2015; Catavero, Bao, and
Song 2018; Bond, Ming, and Song 2015; Aimone et al. 2014), the pathological
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environment of a post-injury dentate has the potential to influence newborn
neuron development in a maladaptive manner. Therefore, the question of
reparative potential of injury-induced neurogenesis needs to be explicitly tested
in a less invasive manner than ablation of new neurons; chemogenetic or
optogenetic manipulation of injury-induced neurons would allow more accurate
inquiry into how injury-induced neurons influence hippocampal function.

Together, these data suggest this model of mTBI induces transient, sequential
increases in ipsilateral SGZ/GCL proliferating cells, immature neurons, and
surviving cells which we interpret as a transient increase in mTBI-induced
neurogenesis. Our work in this mTBI model is in line with other and more severe
models of TBI, where the large fraction of literature shows injury-induced
stimulation of DG neurogenesis. As our data in this mTBI model provide
temporal, subregional, and neurogenesis-stage resolution, these data are
important to consider in regard to the functional importance of TBI-induced
neurogenesis and future work assessing the potential of replacing and/or
repairing DG neurons in the brain after TBI. Indeed, the transient nature of the
injury-induced increase in neurogenesis provides temporal guidance about a
discrete window for targeting injury-induced adult-born neurons. Because DCX+
cells are increased 7 dpi, but not 3 or 31 dpi, it is the neurons born during that
intermediate timeframe that have the most potential to disrupt the circuit. This is
good news for future work attempting to target these cells for chemo- or
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optogenetic targeting, as it narrows down the temporal window and population
subset for targeting. We hope future work will consider the “age” of the cells, time
post-injury, and anatomical location and integration of the cells, as these
parameters may prove useful to achieve therapeutic potential of any intervention
strategy.
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Ipsilateral GCL volume (mm3)
Sham
Time
point

LFPI

Contralateral GCL volume (mm3)
Sham

LFPI

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

0.627

0.016

0.582

0.016

0.632

0.021

0.605

0.019

0.658

0.039

0.623

0.033

0.678

0.015

0.659

0.015

0.602

0.020

0.543

0.030

0.591

0.025

0.548

0.017

3 dpi
7 dpi
31 dpi

Table 2.1. Granule cell layer (GCL) volume in the ipsilateral and
contralateral hemispheres, 3, 7, and 31 days post-injury (dpi). Mean
ipsilateral and contralateral GCL volume values in Sham and LFPI mice at 3
different time points, shown in mm3.

99

100

Figure 2.1. Experimental timeline and overview of dentate gyrus (DG)
neurogenesis and immunohistochemical markers used.
(A) Timeline of experimental procedures. 6-8 wk old male C57BL6/J mice
received lateral fluid percussive injury (LFPI) or Sham surgery, and 150 mg/kg
i.p. Bromodeoxyuridine (BrdU) injection 3 days post-injury (dpi). The Short-Term
group was perfused 3 dpi (2 hours [hrs] post-BrdU); the Intermediate group
perfused 7 dpi (4 days post-BrdU); and the Long-Term group perfused 31 dpi (28
days post-BrdU). (B) Schematic of a whole mouse brain showing bilateral
location of the hippocampus (grey structure). Exploded inset (red dotted lines)
depicts a coronal section through the dorsal hippocampus (tan indicates primary
cell layers) with the granule cell layer (GCL) of the DG indicated. (C) Schematic
of enlarged DG subregions. GCL is represented by densely-packed tan circles;
individual tan circles represent dorsal boundary of DG (hippocampal fissure).
Green circles/lines are GCL GCs and their axons project through the Hilus to
eventually reach CA3 (not pictured). Mol: molecular layer. SGZ: subgranular
zone. oGCL: outer granule cell layer. (D) Schematic of location of DG (green
lines) in coronal sections of a mouse brain at three distances from Bregma (-2.4,
-3.1, -3.5 mm). (E-F) Exploded inset of red dotted line in (D) depicts stages of
GCL neurogenesis and the antibodies with which cells in each neurogenesis
stage can be labeled. Neural stem cells (NSCs) asymmetrically divide to create
progenitor cells, whose progeny differentiate into immature granule cells, some of
which survive to become mature granule cells. BrdU (in the Short-Term group)
and Ki67 (all groups) mark dividing cells; doublecortin (DCX) marks
neuroblasts/immature neurons (in all groups); and BrdU in the Long-term group
marks surviving cells (cells that were dividing and labelled at the time of BrdU
injection, and have survived to 31 dpi). (G) Representative photomicrographs of
cells stained with antibodies against Ki67 (Gi), DCX (Gii), or BrdU (Giii). Scale
bar = 10um.
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Figure 2.2. Relative to Sham, LFPI increases the number of Ki67immunoreactive (Ki67+) proliferating cells in the ipsilateral mouse
subgranular zone (SGZ) 3 dpi.
As in Fig. 1D, green lines in schematics (top row) indicate these measures were
taken in the ipsilateral SGZ/GCL. Stereological quantification of Ki67+ (A-C;
Sham n=9, LFPI n=9), DCX+ (D-F; Sham n=5, LFPI n=5), and BrdU+ (G-I; Sham
n=9, LFPI n=9) cells in the SGZ (Ki67, BrdU) and SGZ/GCL (DCX).
Immunopositive cells were quantified considering immunopositive cells in the
SGZ across the entire longitudinal axis (see sample representative schematics
above A, D, G), and also divided into anterior DG (see sample schematic above
B, E, H) and posterior DG (see sample schematic above C, F, I), operationallydefined as Bregma levels -0.92 to -2.6; and -2.6 to -3.97, respectively.
Representative photomicrographs of Sham (Ai) and LFPI (Aii) Ki67-stained
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tissue are shown alongside quantification of total Ki67+ cells. Scale bar = 50 𝛍m.
One way ANOVA, **p<0.01, ***p<0.001.
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Figure 2.3. Relative to Sham, LFPI increases the number of Ki67+ and
BrdU+ proliferating cells in the ipsilateral DG hilus and molecular layer
(Mol) 3 dpi.
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Stereological quantification of Ki67+ (A-C, G-I, M-O; Sham n=9, LFPI n=9) and
BrdU+ (D-F, J-L, P-R; Sham n=9, LFPI n=9) cells in the hilus (A-F; red dotted
line region, top-left schematic), outer granule cell layer (G-L; red dotted line
region, middle-left schematic), and molecular layer (M-R; red dotted line region,
bottom-left schematic). Immunopositive cells were quantified across the entire
longitudinal axis (A, D, G, J, M, P), and also broken up into anterior (B, E, H, K,
N, Q) and posterior (C, F, I, L, O, R) bins, operationally defined as Bregma levels
-0.92 to -2.6; and -2.6 to -3.97, respectively. One way ANOVA, *p<0.05,
**p<0.01, ***p<0.001.
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Figure 2.4. Relative to Sham, LFPI increases the number of DCX+
neuroblasts/immatures neurons in the ipsilateral mouse SGZ/GCL 7 dpi.
Green lines in schematics (top row) indicate these measures were taken in the
ipsilateral SGZ/GCL. Stereological quantification of Ki67+ (A-C; Sham n=5, LFPI
n=5), DCX+ (D-F; Sham n=5, LFPI n=5), and BrdU+ (G-I; Sham n=5, LFPI n=5)
cells in the SGZ (Ki67, BrdU) and GCL (DCX). Immunopositive cells were
quantified across the entire longitudinal axis (A, D, G), and also broken up into
anterior (B, E, H) and posterior (C, F, I) bins, operationally defined as Bregma
levels -0.92 to -2.6; and -2.6 to -3.97, respectively. Representative
photomicrographs of Sham (Di) and LFPI (Dii) DCX-stained tissue are shown
alongside quantification of total DCX+ cells. Scale bar = 50 𝛍m. One way
ANOVA, **p<0.01.
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Figure 2.5. Relative to Sham, LFPI does not change the number of Ki67+ or
BrdU+ cells in the ipsilateral DG hilus, oGCL, and Mol 7 dpi.
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Stereological quantification of Ki67+ (A-C, G-I, M-O; Sham n=5, LFPI n=5) and
BrdU+ (D-F, J-L, P-R; Sham n=5, LFPI n=5) cells in the hilus (A-F; red dotted
line region, top-left schematic), outer granule cell layer (G-L; red dotted line
region, middle-left schematic), and molecular layer (M-R; red dotted line region,
bottom-left schematic). Immunopositive cells were quantified across the entire
longitudinal axis (A, D, G, J, M, P), and also broken up into anterior (B, E, H, K,
N, Q) and posterior (C, F, I, L, O, R) bins, operationally defined as Bregma levels
-0.92 to -2.6; and -2.6 to -3.97, respectively.
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Figure 2.6. Relative to Sham, LFPI increases the number of BrdU+ surviving
cells in the ipsilateral mouse SGZ 31 dpi.
Green lines in schematics (top row) indicate these measures were taken in the
ipsilateral SGZ/GCL. Stereological quantification of Ki67+ (A-C; Sham n=5, LFPI
n=5), DCX+ (D-F; Sham n=5, LFPI n=5), and BrdU+ (G-I; Sham n=10, LFPI
n=10) cells in the SGZ (Ki67, BrdU) and GCL (DCX). Immunopositive cells were
quantified across the entire longitudinal axis (A, D, G), and also broken up into
anterior (B, E, H) and posterior (C, F, I) bins, operationally defined as Bregma
levels -0.92 to -2.6; and -2.6 to -3.97, respectively. Representative
photomicrographs of Sham (Gi) and LFPI (Gii) BrdU-stained tissue are shown
alongside quantification of total BrdU+ cells. Scale bar = 50 𝛍m. One way
ANOVA, *p<0.05, ***p<0.001, ****p<0.0001.
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Figure 2.7. Relative to Sham, LFPI increases the number of BrdU+ surviving
cells in the ipsilateral DG hilus, posterior oGCL, and Mol 31 dpi.
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Stereological quantification of Ki67+ (A-C, G-I, M-O; Sham n=5, LFPI n=5) and
BrdU+ (D-F, J-L, P-R; Sham n=10, LFPI n=10) cells in the hilus (A-F; red dotted
line region, top-left schematic), outer granule cell layer (G-L; red dotted line
region, middle-left schematic), and molecular layer (M-R; red dotted line region,
bottom-left schematic). Immunopositive cells were quantified across the entire
longitudinal axis (A, D, G, J, M, P), and also broken up into anterior (B, E, H, K,
N, Q) and posterior (C, F, I, L, O, R) bins, operationally defined as Bregma levels
-0.92 to -2.6; and -2.6 to -3.97, respectively. One way ANOVA, *p<0.05,
**p<0.01, ****p<0.0001.
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Figure 2.8. Summary of neurogenesis changes in LFPI vs. Sham mice at
three time points post-injury.
Percent change in LFPI vs. Sham number of cells immunoreactive for Ki67, DCX,
and BrdU in the ipsilateral (top) and contralateral (bottom) dentate gyrus (DG)
subregions 3 dpi (left column), 7 dpi (middle column), and 31 dpi (right column).
These summary percentages reflect data presented in Figs. 2-7 and Figs. S1-S6.
=: not changed vs. Sham. Light-blue shading: increased in LFPI vs. Sham. Rose
shading: decreased in LFPI vs. Sham. White: not determined. Light-gray
shading: not part of this study. 1: quantified in both SGZ and GCL. Mol: molecular
layer. ND, not determined. oGCL: outer granule cell layer. SGZ: subgranular
zone.
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Figure S2.1. Relative to Sham, lateral fluid percussion injury (LFPI) does
not change the number of Ki67-immunoreactive (Ki67+), DCX+, or BrdU+
cells in the contralateral mouse subgranular zone (SGZ) or granule cell
layer (GCL) 3 days post-injury (dpi).
Pink lines in schematics (top row) indicate these measures were collected in the
contralateral SGZ/GCL, while the green lines in the figures in the main text
indicate those measures were collected in the ipsilateral SGZ/GCL. Stereological
quantification of Ki67+ (A-C; Sham n=5, LFPI n=5), DCX+ (D-F; Sham n=5, LFPI
n=5), and BrdU+ (G-I; Sham n=9, LFPI n=9) cells in the SGZ (Ki67, BrdU) and
GCL (DCX). Immunopositive cells were quantified across the entire longitudinal
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axis (A, D, G), and also broken up into anterior (B, E, H) and posterior (C, F, I)
bins, operationally defined as Bregma levels -0.92 to -2.6; and -2.6 to -3.97,
respectively.
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Figure S2.2. Relative to Sham, LFPI increases proliferation in some
contralateral other DG subregions 3 days post-injury.
Stereological quantification of Ki67+ (A-C, G-I, M-O; Sham n=5, LFPI n=5) and
BrdU+ (D-F, J-L, P-R; Sham n=9, LFPI n=9) cells in the hilus (A-F; red dotted
line region, top-left schematic), outer granule cell layer (G-L; red dotted line
region, middle-left schematic), and molecular layer (M-R; red dotted line region,
bottom-left schematic). Immunopositive cells were quantified across the entire
longitudinal axis (A, D, G, J, M, P), and also broken up into anterior (B, E, H, K,
N, Q) and posterior (C, F, I, L, O, R) bins, operationally defined as Bregma levels
-0.92 to -2.6; and -2.6 to -3.97, respectively. One way ANOVA, *p<0.05,
**p<0.01.
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7 dpi contralateral SGZ
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Figure S2.3. LFPI does not affect proliferation and cell survival in the
contralateral mouse SGZ 7 days post-injury.
Pink lines in schematics (top row) indicate these measures were collected in the
contralateral SGZ/GCL. Stereological quantification of Ki67+ (A-C; Sham n=5,
LFPI n=5) and BrdU+ (D-F; Sham n=5, LFPI n=5) cells in the SGZ (Ki67, BrdU)
and GCL (DCX). Immunopositive cells were quantified across the entire
longitudinal axis (A, D), and also broken up into anterior (B, E) and posterior (C,
F) bins, operationally defined as Bregma levels -0.92 to -2.6; and -2.6 to -3.97,
respectively.
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Figure S2.4. LFPI does not affect proliferation and intermediate cell survival
in other DG subregions 7 days post-injury.
Stereological quantification of Ki67+ (A-C, G-I, M-O; Sham n=5, LFPI n=5) and
BrdU+ (D-F, J-L, P-R; Sham n=5, LFPI n=5) cells in the hilus (A-F; red dotted
line region, top-left schematic), outer granule cell layer (G-L; red dotted line
region, middle-left schematic), and molecular layer (M-R; red dotted line region,
bottom-left schematic). Immunopositive cells were quantified across the entire
longitudinal axis (A, D, G, J, M, P), and also broken up into anterior (B, E, H, K,
N, Q) and posterior (C, F, I, L, O, R) bins, operationally defined as Bregma levels
-0.92 to -2.6; and -2.6 to -3.97, respectively.
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31 dpi contralateral SGZ
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Figure S2.5. LFPI does not affect proliferation, neurogenesis, or long-term
cell survival in the contralateral mouse SGZ 31 days post-injury.
Pink lines in schematics (top row) indicate these measures were collected in the
contralateral SGZ/GCL. Stereological quantification of Ki67+ (A-C; Sham n=5,
LFPI n=5), DCX+ (D-F; Sham n=5, LFPI n=5), and BrdU+ (G-I; Sham n=10, LFPI
n=10) cells in the SGZ (Ki67, BrdU) and GCL (DCX). Immunopositive cells were
quantified across the entire longitudinal axis (A, D, G), and also broken up into
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anterior (B, E, H) and posterior (C, F, I) bins, operationally defined as Bregma
levels -0.92 to -2.6; and -2.6 to -3.97, respectively.
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Figure S2.6. LFPI does not affect proliferation or long-term cell survival in
other contralateral DG subregions 31 days post-injury.
Stereological quantification of Ki67+ (A-C, G-I, M-O; Sham n=5, LFPI n=5) and
BrdU+ (D-F, J-L, P-R; Sham n=10, LFPI n=10) cells in the hilus (A-F; red dotted
line region, top-left schematic), outer granule cell layer (G-L; red dotted line
region, middle-left schematic), and molecular layer (M-R; red dotted line region,
bottom-left schematic). Immunopositive cells were quantified across the entire
longitudinal axis (A, D, G, J, M, P), and also broken up into anterior (B, E, H, K,
N, Q) and posterior (C, F, I, L, O, R) bins, operationally defined as Bregma levels
-0.92 to -2.6; and -2.6 to -3.97, respectively.
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Table S2.1. Statistical results for cell quantification in the ipsilateral
hemisphere. Mean +/- SEM and n shown for each DG subregion, cell marker,
and time point.

126

127

128

Table S2.2. Statistical results for cell quantification in the contralateral
hemisphere. Mean +/- SEM and n shown for each DG subregion, cell marker,
and time point.
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Chapter 3 - Mild Traumatic Brain Injury Induces
a Transient Increase in Dentate Gyrus Microglia
Abstract
Traumatic brain injury induces a neuroinflammatory response. This response
includes blood-brain barrier breakdown and glial cell activation and reactivity.
One of the glial cell types that responds to brain injury is microglia. Microglia are
referred to as the brain’s resident immune cells, participating in functions from
phagocytosis and cleaning up debris to contributing to synaptic plasticity. Given
the variety of roles microglia play, it remains unclear whether microglia activation
after TBI is beneficial or detrimental to recovery. In order to be able to answer
that question, it is first critical to understand the extent and time course of injuryinduced microglial activation in the dentate gyrus, the site of injury-induced
neurogenesis and cognitive processes that are impaired after TBI. Here we
examine microglia number in the adult mouse dentate gyrus 3, 7, and 31 days
post-mild lateral fluid percussion injury. We find that while there are more
microglia in the dentate gyrus 3 dpi, there is no difference in microglia number in
the dentate gyrus between Sham and TBI mice 7 or 31 dpi. This work provides
critical temporal information about the neuroinflammatory response after mTBI,
setting the stage for future work targeting microglia for therapeutic intervention.
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3.1 Introduction
Traumatic brain injuries of varying types and severities induce neuroinflammation
in both humans and lab animals (Simon et al. 2017). Historically, it has been
assumed that injury-induced inflammation, in particular the glial scar, is
detrimental to recovery (Sugar and Gerard 1940; Clemente and Windle 1954;
Yang et al. 2020). This idea has been reconsidered recently based on the fact
that glial scar ablation does not improve recovery after spinal cord injury
(Anderson et al. 2016; Yakun Gu et al. 2019; Yang et al. 2020). An emerging
concept is that the glial scar, and neuroinflammation more generally, cannot be
easily categorized as “good” or “bad” - glia are dynamic cells that morphologically
and functionally change over time in response to their surroundings, and their
beneficial vs. harmful role likely does not stay static over the course of injury
recovery. In order to understand the functional significance of the glial response
to injury, more work is needed to understand the temporal dynamics of these cell
populations.

Microglia are a key component of the brain’s neuroinflammatory response that do
not fall into a simple binary classification of function (Loane and Kumar 2016;
Kumar et al. 2016). Microglia are the brain’s resident immune cells, and serve a
multitude of functions including constant surveillance of their surroundings;
cleaning up debris and phagocytosing apoptotic cells; active signaling and
support of synaptic plasticity; and likely others that remain undiscovered
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(Umpierre and Wu 2020; Andoh and Koyama 2021; Loane and Kumar 2016;
Pérez-Rodríguez, Blanco-Luquin, and Mendioroz 2021; Vainchtein and Molofsky
2020; Sierra et al. 2014). It is not fully understood which of these roles serve
beneficial or detrimental functions after injury, and likely depends on a variety of
factors including injury type/location/severity, and importantly, time after injury
(Henry and Loane 2021). Neuroinflammation, and microglial activation more
specifically, has been proposed as a target for therapeutic intervention after TBI
(Kumar and Loane 2012). Indeed, many research groups have tested whether
microglia depletion/neuroimmune modulation is helpful for recovery after
traumatic brain injury. Results from these studies have been mixed, with some
studies showing improved behavioral and histological outcomes (B. Wang, Lin,
and Zhu 2021; Henry et al. 2020; C.-F. Wang et al. 2019; Witcher et al. 2018;
Katsumoto et al. 2018; Rodgers et al. 2014), and other studies showing
exacerbation of neurodegeneration (Hanlon, Raghupathi, and Huh 2019) or
ischemic infarct volume (Szalay et al. 2016). These differences are perhaps due
to differences in depletion methods, injury models, timing of depletion, and
outcomes measured. In order to effectively target microglia for intervention after
injury, it is essential to understand how microglia and inflammation evolve over
time in a variety of different injury models and severities.

To address this knowledge gap, this study aimed to define the time course of
microglia activation via cell number after mild TBI in the hippocampal dentate
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gyrus, the site of mTBI-induced increases in proliferation and neurogenesis
(Chapter 2; (Clark et al. 2021)). Here I examined short- (3 dpi), intermediate- (7
dpi) and long-term (31 dpi) time points after mild lateral fluid percussion injury to
assess microglia number in the hilus and granule cell layer of the mouse dentate
gyrus. While cell number can serve as a proxy for microglia activation after injury
(Giordana et al. 1994), this is only a starting point. However, this work is
fundamental for understanding the temporal progression of inflammation in the
injured brain, which is essential to future development of therapeutic
interventions.

3.2 Methods
The same animals/tissue used in Chapter 2 were used for the microglia studies
in this chapter. The microglia-relevant methods are described below, with some
repetition from Chapter 2 (Clark et al. 2021).

3.2.1 Mice
Tissues used in this study were from previously published work (Clark et al.
2021). Experiments were performed on 6- to 8-week-old male C57BL/6J mice
(Jackson Laboratory, Bar Harbor, ME; IMSR JAX:000664,
RRID:IMSR_JAX:000664, Fig. 2.1A). Mice were group-housed 5/cage in an
AAALAC-approved facility at Children’s Hospital of Philadelphia (CHOP). The
vivariums at the Colket Translational Research Building (Penn/CHOP) are
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temperature- and humidity-controlled. Lights are on at 6am and off at 6pm, and
food and water are provided ad libitum. All experiments were carried out in
accordance with protocols approved by the Institutional Animal Care and Use
Committee of CHOP and the guidelines established by the NIH Guide for the
Care and Use of Laboratory Animals.

3.2.2 Craniectomy
All mice underwent craniectomy on day -1 of the experiment (C. E. Dixon et al.
1987; C. J. Smith et al. 2012). Mice were anesthetized with an intraperitoneal
(i.p.) injection of ketamine (100 mg/kg) and xylazine (6-16 mg/kg). Once
anesthetized, mice were placed in a stereotaxic frame (Stoelting, Wood Dale, IL,
USA), the scalp was incised and pulled away to fully expose the right parietal
bone. An ultra-thin Teflon disk (3-mm outer diameter) was positioned between
Lambda and Bregma and between the sagittal suture and the lateral ridge over
the right hemisphere, and then glued to the skull with Vetbond (3M, St. Paul, MN,
USA). Guided by the Teflon disk, a trephine was used to perform a 3-mm
diameter craniectomy over the right parietal area. Following craniectomy, a Luerlock needle hub (3-mm inner diameter) was secured above the skull opening with
Loctite superglue and dental acrylic, filled with saline and capped. Mice were
removed from the stereotaxic apparatus, placed on a heating pad until fully
recovered from anesthesia, and then returned to their respective home cage.
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3.2.3 Lateral fluid percussion injury (LFPI)
Twenty-four hours (hrs) post-craniectomy, mice underwent LFPI or Sham surgery
(Fig. 1A; C. E. Dixon et al. 1987; C. J. Smith et al. 2012). Mice were placed under
isoflurane anesthesia (2% oxygen, 500ml/min) in a chamber. Respiration was
visually monitored until mice reached a surgical plane of anesthesia (1
respiration/2 sec). Mice were then removed from isoflurane and the needle hub
was refilled with saline and connected to the fluid percussion injury device
(Department of Biomedical Engineering, Virginia Commonwealth University) via
high-pressure tubing. The mouse was placed onto a heating pad on its left side.
On resumption of normal breathing pattern but before sensitivity to stimulation,
the injury was induced by a 20-msec pulse of saline onto the intact dura. The
pressure transduced onto the dura was monitored with an oscilloscope, with
injury severity ranging from 1.4 to 1.6 atmospheres. Sham mice underwent all
surgical procedures including attachment to the FPI device with exclusion of the
actual fluid pulse. Immediately after injury or sham surgery, the hub was removed
from the skull and the mouse was placed in a supine position to measure the
latency to righting. All mice in this study righted themselves within 3 min, while
Sham mice righted themselves in <1 min. After righting, the mouse was returned
to placement under isoflurane for scalp suturing. Mice recovered on a heating
pad until mobile, at which point they were returned to their home cage. Within a
cage, mice were exposed to either Sham or LFPI and post-surgery Sham and
LFPI mice were housed in the same cage. Two cohorts of 5 Sham and 5 LFPI
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mice were generated for each condition at each time point (3, 7, and 31 days
post-Sham or post-LFPI).

3.2.4 Tissue collection and immunohistochemistry (IHC)
Three, 7, or 31 days post-Sham or -LFPI (Fig. 3.1), mice were anesthetized with
chloral hydrate (400 mg/kg, i.p.) prior to intracardial perfusion with ice-cold 0.1 M
phosphate-buffered saline (PBS) for exsanguination followed by 4%
paraformaldehyde for fixation (Rivera et al. 2013; DeCarolis et al. 2014).
Extracted brains were immersed for 24-hrs in 4% paraformaldehyde in 0.1M PBS
at 4°C for post-fixation, followed by least 3 days of immersion in 30% sucrose in
0.1 M PBS for cryoprotection with 0.01% sodium azide to prevent bacterial
growth. For coronal brain sectioning, the brain of each mouse extending from
anterior to the DG to the cerebellum (from 0.22 to -5.34 μm from Bregma) was
sectioned at 30 μm in a 1:9 series using a freezing microtome (Leica SM 2000 R
Sliding Microtome). Sections were stored in 1xPBS with 0.01% sodium azide at
4°C until processing for IHC. Slide-mounted IHC for Iba1+ cells in the DG was
performed as previously described (Rivera et al. 2013; DeCarolis et al. 2014).
Briefly, one entire series of the hippocampus (every 9th section) was slidemounted onto charged slides (Fisher Scientific, 12-550-15, Pittsburgh, PA).
Slide-mounted sections underwent antigen retrieval (0.01 M citric acid pH 6.0,
100°C, 15 min) followed by washing in 1xPBS at room temperature. Non-specific
binding was blocked with 3% serum (donkey) and 0.3% Triton-X in PBS for 30
min. After blocking and pretreatment steps, sections were incubated with rabbit136

α-Iba1 (1:1000; Wako catalog 019-19741, Osaka, Japan) in 3% serum and 0.3%
Tween-20 overnight. Primary antibody incubation was followed by 1xPBS rinses,
incubation with biotinylated secondary antibody (biotin-donkey-α-rabbit-IgG,
catalog 711-065-152; 1:200, from Jackson ImmunoResearch, West Grove, PA)
for 1 hr, and 1xPBS rinses. Next, endogenous peroxidase activity was inhibited
via incubation with 0.3% hydrogen peroxide (H2O2) for 30 min, followed by
incubation with an avidin-biotin complex for 60-90 min (ABC Elite, Vector
Laboratories PK-6100). After another set of rinses in 1xPBS, immunoreactive
cells were visualized via incubation with metal-enhanced diaminobenzidine
(Fisher Scientific, 34065, Pittsburgh, PA) for 5-10 min. Finally, slides were
incubated for ~2 min in the nuclear counterstain, Fast Red (Vector Laboratories
catalog H3403), dehydrated via a series of increasing ethanol concentrations,
and coverslipped using DPX (Fisher Scientific, 50-980-370, Pittsburgh, PA).

3.2.5 Microglia quantification
Stereology was used to quantify microglia (Iba1+ cell number)(Ito et al. 1998), as
described in the subsections below.
3.2.5.1

Quantification of Iba1+ cells in the DG

Iba1+ cells in the DG were quantified via unbiased stereology in only one region
of interest (ROI): the GCL and hilus. We chose this area due to its proximity to
the neurogenic niche, where increased proliferation and neurogenesis has been
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observed after this model of TBI (Clark et al. 2021). Iba1+ cells in the GCL/hilus
are relatively densely presented, especially in the hilus; therefore, Iba1+ cells in
the GCL/hilus were quantified using the optical fractionator workflow in
StereoInvestigator (MicroBrightField, MBF) (Lagace et al. 2010; J. P. Brown et al.
2003; S. Zhao et al. 2010). Briefly, every 9th coronal section spanning the entire
hippocampus was analyzed on a Nikon Eclipse Ni or Zeiss AxioImager M2
microscope. The ROI (GCL/hilus) was traced for each section at 100X
magnification (10X objective, NA 0.30). Quantification was performed at 400X
(40X objective, NA 0.75) by focusing through the Z-plane of the section. Given
the dynamic and versatile nature of microglia, Iba1+ cells were counted if the
entire boundary of the cell body was visible and the soma was darker than the
surrounding background. For each brain, the ipsilateral hemisphere was
quantified first; then, if applicable, the contralateral hemispheres were quantified.
3.2.5.2

Quantification of Iba1+ cells along the longitudinal axis (by Bregma)

For anterior/posterior analysis of Iba1+ cell number, results were divided into
anterior and posterior bins, defined by a division at Bregma level -2.60mm (A.
Tanti and Belzung 2013; Arnaud Tanti et al. 2012; Q.-G. Zhou et al. 2016).
Bregma level -2.60mm was identified based on when hippocampal CA3 reaches
approximately halfway down the dorsal/ventral extent of the brain, and the corpus
callosum no longer connects the left and right hemispheres (Paxinos and
Franklin 2019). Cell counts for each section anterior to -2.60mm were summed
and multiplied by 9 to get an anterior value for each mouse. The same procedure
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was used for the posterior analysis, using all sections posterior to Bregma level 2.60mm.

3.2.6 Data presentation and analysis and image presentation
Experimenters were blinded to injury condition, and code was only broken after
data analyses were complete. Counts for Iba1+ cells were collected for at least 5
mice/group (cohort 1) and at most 10mice/group (cohorts 1 and 2) for the Sham
and LFPI groups at the 3, 7, and 31-dpi time points. Due to the pandemicdecreed, multi-month lab shut-down, not every time point was analyzed in both
cohorts. However, for time points that were quantified in both cohorts, the data
from each cohort were pooled together after confirmation of no cohort variance.
Data are presented as individual data points with mean and standard error of the
mean displayed. Data were assessed for normality with the Shapiro-Wilk test.
Normal data were analyzed with two-tailed t-test, and non-normal data were
analyzed with the Mann-Whitney test. Graphs were generated in GraphPad
Prism (version 8.0). Full details of statistical analyses for each figure panel are
provided in Tables S3.1 and S3.2. Photomicrographs were taken with a Zeiss
Lumina HR color camera using MBF StereoInvestigator software, and imported
into Adobe Illustrator (version 24.3) for cropping and labeling.
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3.3 Results
3.3.1 Three dpi: microglia number in the ipsilateral and contralateral
GCL and hilus
Three days was selected as the earliest time point post-Sham or post-LFPI to
quantify indices of DG microglial activation (Iba1+ cell number; Fig 3.1). This was
for two reasons. First, this is a time point known to show inflammatory responses
in other models/severities of TBI (Grovola et al. 2021; Liraz-Zaltsman et al. 2020;
Lafrenaye et al. 2015; Powell et al. 2017; Bedi et al. 2018; C.-F. Wang et al.
2019; Katsumoto et al. 2018; Utagawa et al. 2008). Second, this time point
complements the increase in DG proliferation after mTBI (Clark et al. 2021).
3.3.1.1

Three dpi, microglia number is increased in the ipsilateral GCL and

hilus
Iba1+ cells in Sham mice were randomly distributed throughout the DG. Cells
had relatively uniform, round cell bodies with numerous long and thin processes
extending out from the soma. Qualitative examination of Iba1+ cells 3 dpi (Fig.
3.1D) suggested the cells in the ipsilateral GCL/hilus of injured mice were more
numerous, darker, and had thicker processes than the cells in the GCL/hilus of
Sham mice. Stereological analysis of Iba1+ cells supported this qualitative
conclusion. Quantification of Iba1+ cells in the ipsilateral GCL/hilus in mice 3 dpi
revealed an effect of injury (Fig. 3.2A), with ~70% more Iba1+ cells in LFPI vs.
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Sham mice (Table S3.1). As the DG varies along its longitudinal axis in regard to
afferents, efferents, and function (M. V. Wu et al. 2015; Scharfman 2011; Levone
et al. 2020), Iba1+ cells were also quantified in the anterior vs. posterior
GCL/hilus with the division defined as -2.60mm relative to Bregma (A. Tanti and
Belzung 2013). Similar to the analysis on the entire DG (Fig. 3.2A), analysis of
Iba1+ cell number in the anterior and posterior GCL/hilus 3 dpi revealed an effect
of injury, with ~80% (Fig. 3.2B) and ~60% more Iba1+ cells (Fig. 3.2C),
respectively, in the ipsilateral GCL/hilus of LFPI vs. Sham mice.
3.3.1.2

Three dpi, total microglia number is unchanged in the contralateral

GCL and hilus
Qualitatively, Iba1+ cells in the contralateral hemisphere of Sham mice looked
similar to the ipsilateral hemisphere. In injured mice, contralateral Iba1+ cells
appeared slightly darker than in Sham mice, but not more numerous (data not
shown). Quantitatively, in contrast to the ipsilateral hemisphere, there was no
effect of injury on the number of Iba1+ cells in the contralateral GCL/hilus 3 dpi
(Fig. S3.1A). Interestingly, when broken down into anterior and posterior bins,
there was an effect of injury in the anterior GCL/hilus, with ~15% more Iba1+
cells in LFPI vs. Sham mice (Fig. S3.1B). There was no effect of injury on Iba1+
cell number in the posterior contralateral GCL/hilus (Fig. S3.1C).
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3.3.2 Seven dpi: microglia number is unchanged in the ipsilateral
GCL and hilus
3.3.2.1

Seven dpi, microglia number is unchanged in the ipsilateral GCL

and hilus
Ipsilateral Iba1+ GCL/hilus cell number and morphology were not obviously
different between Sham and injured mice 7 dpi. In contrast to 3 dpi, there was no
effect of Injury on Iba1+ cells in the ipsilateral GCL/hilus 7 dpi (Fig. 3.3A). There
was also no effect of Injury when cell numbers were split into anterior (Fig. 3.3B)
and posterior (Fig. 3.3C) bins.

3.3.3 Thirty-one dpi: microglia number is unchanged in the ipsilateral
GCL and hilus
3.3.3.1

Seven dpi, microglia number is unchanged in the ipsilateral GCL

and hilus
Ipsilateral Iba1+ GCL/hilus cell number and morphology were not obviously
different between Sham and injured mice 7 dpi. Similar to 7 dpi, there was no
effect of Injury on Iba1+ cells in the ipsilateral GCL/hilus 31 dpi (Fig. 3.4A). There
was also no effect of Injury when cell numbers were split into anterior (Fig. 3.4B)
and posterior (Fig. 3.4C) bins.
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3.4 Discussion
Here I show that at a short-term time point after mild LFPI, there is an increased
number of total microglia in the hilus/GCL of adult male mice. This increase
occurs in both the anterior and posterior sections of the DG. The contralateral
hemisphere does not have increased total microglia at this time point, but a
modest increase in specifically anterior DG microglia 3 dpi. By an intermediate
time point, 7 dpi, microglia numbers are similar between Sham and LFPI mice,
and this remains unchanged at the long-term (31 dpi) time point. These data
suggest that mild LFPI induces a transient increase in DG microglia, which return
to control levels by one week after injury and remain at control levels for at least
one month. These data are consistent with other work demonstrating an
inflammatory response after TBI, but add an important temporal dimension with
rigorous quantification of microglia number in the GCL and hilus. These features
are essential to understanding how different cell populations in the DG are
impacted by mild TBI and may contribute to pathology and dysfunction.

The work presented here quantified the number of Iba1+ microglia in the GCL
and hilus. The decision to combine these two regions together was twofold: first,
these DG subregions are relevant to the neurogenic changes presented in
Chapter 2 (Clark et al. 2021). As discussed in Chapter 1, microglia and newborn
neurons have a unique relationship, and the neurogenic changes seen after
mTBI was part of the motivation to look at microglia in the DG. The GCL and
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hilus are the two subregions that “hug” the neurogenic SGZ, and would be the
most relevant areas to look in relation to the data presented in Chapter 2. The
second reason is related to visual inspection of Iba1-stained tissue. Gross
observation of Iba1-stained 3 dpi tissue revealed qualitative differences in hilar
microglia visible on low-power photomicrographs (Fig. 3.1D). We wanted to
capture that visible difference in the cell quantification, and chose to count those
regions together. It could certainly be argued that separating microglia numbers
in these two regions would provide higher-resolution information about injuryinduced microglia in the DG; we do not disagree. This analysis of DG microglia
number is simply a starting point for future investigations into the time course of
neuroinflammation after mTBI.

The results presented here include data from the ipsilateral hemisphere at three
time points (3, 7, and 31 dpi), as well as data from the contralateral hemisphere 3
dpi. The ipsilateral DG has increased microglia 3 dpi (Fig. 3.2), but this is not the
case for the contralateral hemisphere (Fig. S3.1). Given that we did not observe
any difference in microglia number in the ipsilateral GCL/hilus at 7 (Fig. 3.3) or
31 dpi (Fig. 3.4), we did not quantify the microglia in the contralateral
hemispheres at these later time points.

While it can be tempting to say that these results suggest that temporary
neuroinflammation after injury resolves quickly, microglia number is only one
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facet of neuroinflammation. Microglia themselves can respond to injury in ways
that extend beyond proliferation: hypertrophy and morphological changes,
changes in their phagocytic capacity, and synthesis and release of cytokines and
chemokines. Furthermore, microglia are not the only players in
neuroinflammation: the blood-brain barrier can become leaky, and astrocytes
also become reactive. In fact, a previously published paper using the same injury
model used here showed astrocyte reactivity (increased GFAP staining) 7 dpi
(Tran et al. 2006b), a time point where microglia number is not changed in this
present work (Fig. 3.3).

When observing microglia numbers in the ipsilateral GCL/hilus in Sham tissue, it
is notable that the microglia number stays relatively consistent across time
points. This is not surprising, because in the healthy brain, microglia do not
undergo a large degree of active proliferation outside of population maintenance
(Ginhoux et al. 2013). These consistent Sham microglia numbers suggest 1)
consistency of the stereological assessment at the different time points and 2)
the transient increase at 3 dpi, followed by no differences in microglia number at
7 and 31 dpi, is truly a return to baseline, rather than a speeding up of
proliferative processes. This begs the question(s): what happens to those extra
microglia between 3 and 7 dpi, and how? This is an exciting avenue for future
research, especially if coupled with investigations of function.
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Even with data about the spatiotemporal evolution of inflammation after TBI, the
question remains: is neuroinflammation protective or detrimental after injury?
More specifically for this chapter, are increased microglia “good” or “bad” for
recovery? The work presented here does not address that question, but lays
important groundwork for future studies to address this. For example, when
considering immunomodulation/microglia depletion, the fact that microglia
numbers are up 3 dpi but return to control levels by 7 dpi help define a timeframe
for manipulation. Furthermore, it raises the question(s): are all microglia 3 dpi
contributing to injury-induced deficits? Would it be better to fully deplete microglia
at this time point, or only partially in order to bring numbers closer to Sham
animals? Alternatively, if this increase in the short-term is providing functional
benefits to injury recovery, would it be useful to promote sustained
proliferation/activation so that the increase lasts longer? These questions are
speculative at this point, but a recent perspective evaluating studies using
microglia depletion after TBI provides some hints. Loane and colleagues (Henry
and Loane 2021) provide a review and takeaways from the current microglia
depletion literature. They observe that microglia depletion in the acute stage after
injury negatively impacts recovery, while targeting chronic microglia activation is
beneficial for pathological and cognitive outcomes. A caveat here is that these
authors compared results from different studies, which used different injury
models, animal species, and depletion methods. Careful testing is needed to
determine if this trend of microglia being beneficial in the short term but
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detrimental in the long term after injury holds true in any given model and
severity of injury. However, this is a promising jumping off point for future work
aiming to target the immune response in order to improve outcomes after TBI.
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Figure 3.1. Experimental timeline and overview of dentate gyrus (DG)
anatomy and subregion locations.
(A) Timeline of experimental procedures. 6-8 wk old male C57BL6/J mice
received lateral fluid percussive injury (LFPI) or Sham surgery. The Short-Term
group was perfused 3 dpi; the Intermediate group perfused 7 dpi; and the LongTerm group perfused 31 dpi. (B) Schematic of a whole mouse brain showing
bilateral location of the hippocampus (grey structure). Exploded inset (red dotted
lines) depicts a coronal section through the dorsal hippocampus (tan indicates
primary cell layers) with the granule cell layer (GCL) of the DG indicated. (C)
Schematic of enlarged DG subregions. GCL is represented by densely-packed
tan circles; individual tan circles represent the dorsal boundary of DG
(hippocampal fissure). Green circles/lines are GCL GCs and their axons project
through the Hilus to eventually reach CA3 (not pictured). Mol: molecular layer.
SGZ: subgranular zone. oGCL: outer granule cell layer. (D) Representative
148

photomicrographs of Iba1-stained tissue from 3 dpi Sham (left) and LFPI (right)
mice.
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3 days post-injury
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Figure 3.2. Relative to Sham, LFPI increases the number of Iba1immunoreactive (Iba1+) proliferating cells in the ipsilateral mouse granule
cell layer (GCL) and hilus 3 dpi.
Green lines in schematics (top row) indicate these measures were taken in the
ipsilateral GCL/hilus. Stereological quantification of Iba1+ (A-C; Sham n=10,
LFPI n=10) cells in the GCL/hilus. Immunopositive cells were quantified
considering immunopositive cells in the GCL/hilus across the entire longitudinal
axis (see sample representative schematic above A), and also divided into
anterior DG (see sample schematic above B) and posterior DG (see sample
schematic above C), operationally defined as Bregma levels -0.92 to -2.6; and 2.6 to -3.97, respectively. One way ANOVA, **p<0.01.
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Figure 3.3. Relative to Sham, LFPI does not change the number of Iba1immunoreactive (Iba1+) proliferating cells in the ipsilateral mouse granule
cell layer (GCL) and hilus 7 dpi.
Green lines in schematics (top row) indicate these measures were taken in the
ipsilateral GCL/hilus. Stereological quantification of Iba1+ (A-C; Sham n=5, LFPI
n=5) cells in the GCL/hilus. Immunopositive cells were quantified considering
immunopositive cells in the GCL/hilus across the entire longitudinal axis (see
sample representative schematic above A), and also divided into anterior DG
(see sample schematic above B) and posterior DG (see sample schematic above
C), operationally defined as Bregma levels -0.92 to -2.6; and -2.6 to -3.97,
respectively.
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Figure 3.4. Relative to Sham, LFPI does not change the number of Iba1immunoreactive (Iba1+) proliferating cells in the ipsilateral mouse granule
cell layer (GCL) and hilus 31 dpi.
Green lines in schematics (top row) indicate these measures were taken in the
ipsilateral GCL/hilus. Stereological quantification of Iba1+ (A-C; Sham n=10,
LFPI n=10) cells in the GCL/hilus. Immunopositive cells were quantified
considering immunopositive cells in the GCL/hilus across the entire longitudinal
axis (see sample representative schematic above A), and also divided into
anterior DG (see sample schematic above B) and posterior DG (see sample
schematic above C), operationally defined as Bregma levels -0.92 to -2.6; and 2.6 to -3.97, respectively.
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Figure S3.1. Relative to Sham, LFPI does not change the number of Iba1immunoreactive (Iba1+) proliferating cells in the contralateral mouse
granule cell layer (GCL) and hilus 3 dpi.
Magenta lines in schematics (top row) indicate these measures were taken in the
contralateral GCL/hilus. Stereological quantification of Iba1+ (A-C; Sham n=10,
LFPI n=10) cells in the GCL/hilus. Immunopositive cells were quantified
considering immunopositive cells in the GCL/hilus across the entire longitudinal
axis (see sample representative schematic above A), and also divided into
anterior DG (see sample schematic above B) and posterior DG (see sample
schematic above C), operationally defined as Bregma levels -0.92 to -2.6; and 2.6 to -3.97, respectively. One way ANOVA, *p<0.05.
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Table S3.1: Statistical results for microglia quantification in the ipsilateral
hemisphere.
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Table S3.2: Statistical results for microglia quantification in the contralateral
hemisphere.
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Chapter 4 - Conclusion
I will begin the conclusion chapter of this thesis by first summarizing the
background information and knowledge gap(s) in the field; then reviewing the
original data presented in chapters 2 and 3; and finally discussing implications of
this work, how it fits into the current literature, and future directions for this
project.

4.1 Review of background literature
4.1.1 TBI is a problem
Traumatic brain injury can be difficult to track due to differences in reporting and
diagnosis on an individual, regional, and even global level. Despite these
difficulties, there is enough data to indicate that TBI is a global public health
issue. Injuries can range from mild to moderate to severe, but many people of all
injury severities experience lasting symptoms. These symptoms exist in the
somatic, cognitive, and emotional/affective domains, but the most prevalent
complaints are related to cognitive symptoms.

4.1.2 How do we study it?
Before we can develop therapies and treatments for TBI, we need to be able to
study it to understand what’s going on in the brain after injury; otherwise, we
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won’t know what to target for intervention. Many animal models have been
developed for TBI, spanning a range of injury mechanisms and severities. Lateral
fluid percussion injury (LFPI) is one of the most popular and replicable injury
models, and is well-suited to produce a mild injury in rodents.

4.1.3 What have we learned so far?
TBIs in rodents induce cognitive deficits similar to those seen in humans. In
particular, animal models of TBI consistently induce changes in hippocampalbased function, such as spatial/contextual memory. We also know that other
models and severities of rodent TBI induce neuroinflammation and increased
neurogenesis. While not the focus of this thesis, there is also a body of evidence
suggesting that TBI increases cell proliferation and neurogenesis in the other
main site of adult neurogenesis, the SVZ (Chang et al. 2016).

4.1.4 What is still left to learn?
Despite all the work that has been done so far, there’s much left to learn about
injury-induced brain changes. The experimental TBI field has a lot of
inconsistencies, both in terms of methodology and also the actual results. This is
not inherently a problem - not all human brain injuries are the same, and variety
in animal TBIs can actually represent the heterogeneous landscape of human
brain injury better than using only a single model. However, it does mean that for
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therapeutic development, biological processes and potential treatments need to
be studied in a range of models and severities in order to ensure translatability to
the widest range of human TBI patients.

Another area with lots of room left for exploration is the spatiotemporal dynamics
of injury-induced brain pathology. Not all research groups study the same brain
regions and time points, which makes it difficult to compare the results of
different studies with each other. Choosing only a single brain region or time
point prevents drawing any conclusions about how the brain responds to injury.
We need a full picture of how things evolve over time, especially when looking at
neurogenesis and inflammation. These are very temporally dynamic processes
that are constantly responding to their environment. Not only does the temporal
dimension impact how these processes occur, but it has functional relevance as
well. With newborn neurons in particular, the temporal dynamics - the age of the
cells in relation to both injury and behavioral timing - have a huge impact on the
role they play. Only by careful determination of the evolution of these changes
over the course of injury can we hope to target them for recovery.

This thesis addresses the lack of a detailed temporal analysis of neurogenesis
and microglia in the mouse after mild LFPI.
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4.2 Data recapitulation
In this thesis, I set out to answer two major questions:
● How does mild LFPI impact the stages of adult hippocampal neurogenesis
at acute, intermediate, and long-term stages after injury?
● How does mild LFPI impact microglia number at acute, intermediate, and
long-term stages after injury?
I will briefly review the data generated to answer these questions, and then
discuss the implications and future directions for this project.

4.2.1 mTBI induces transient increase in neurogenesis
In Chapter 2, I presented data that attempted to answer the question, “How does
mild LFPI affect spatiotemporal dynamics of adult hippocampal neurogenesis?”. I
showed that 3 dpi, there is an increase in proliferating cells in the ipsilateral SGZ
(Fig. 2.2 A-C). I also showed that there is an increase in proliferating cells in
ipsilateral non-canonically neurogenic regions of the DG: the hilus, outer GCL,
and molecular layer (Fig. 2.3). By an intermediate time point, 7 dpi, there is an
increase in DCX+ immature neurons in the ipsilateral SGZ/GCL, both when
measured throughout the entire longitudinal axis and also specifically in the
posterior DG (Fig. 2.4 D-F). Finally, at a long-term time point, 31 dpi, there is an
increased number of surviving BrdU+ cells in the ipsilateral SGZ (Fig. 2.6 G-I)
and non-neurogenic hilus, oGCL, and molecular layer (Fig. 2.7). Additionally, I

159

show that this model of mTBI does not change the volume of the GCL 3, 7, or 31
dpi (Table 2.1).

4.2.2 mTBI induces transient increase in microglia number
In Chapter 3, I presented data aimed to answer the question, “How does mild
LFPI affect microglia number at multiple time points after injury?”. I showed that
in the short-term, 3 dpi, there is an increase in microglia number in the ipsilateral
GCL/hilus (Fig. 3.2). By 7 dpi, microglia numbers were the same in the ipsilateral
GCL/hilus as Sham animals (Fig. 3.3), and this held true at 31 dpi as well (Fig.
3.4).

4.3 Implications of the data
Knowing how DG neurogenesis and neuroinflammation change after injury is
only the beginning of harnessing these processes to improve recovery after TBI.
The question we are left with after reviewing the data from Chapters 2 and 3 is:
what do they mean? What are the functional implications of these changes?
Increases in injury-induced neurogenesis has historically been discussed as a
reparative process: it made logical sense that increasing a process that is
essential for certain cognitive functions would benefit post-injury cognition.
However, while neurogenic increases are generally beneficial for the healthy
brain in a physiological context (Sahay et al. 2011; Creer et al. 2010; Gould et al.
1999; Lafenetre et al. 2011), there is reason to believe that this is not necessarily
160

the case in an injured brain. Neurogenesis is a highly complex process that is
regulated by a large number of signaling mechanisms, many of which may be
disrupted after injury. It stands to reason that if there is disruption to the
microenvironment that new neurons mature in, the neurons themselves may
migrate and/or connect differently than normal. In fact, there is evidence that this
is indeed the case in epilepsy (including post-traumatic epilepsy). New neurons
born in the acute post-injury or -seizure phase contribute to cognitive deficits
and/or seizure susceptibility (Neuberger, Swietek, et al. 2017; Corrubia and
Santhakumar 2020; Cho et al. 2015); this may also be the case after traumatic
brain injury. Some groups have attempted to address this question, but use blunt
or nonspecific approaches such as total ablation or mitotic inhibitors (Blaiss et al.
2011; D. Sun et al. 2015). As discussed extensively in Chapter 1, the timing after
injury and age of the cells plays a huge impact on their functional role. This
temporal specificity has not been sufficiently addressed, and will likely be injury
model- and severity-specific, necessitating careful testing by a variety of research
groups. Also relevant to this point is the fact that ablation of newborn neurons
induces changes in the DG circuitry that can obscure answers to the question of
the functional role of injury-induced newborn neurons. It is known that the DG
undergoes compensatory changes after ablation of neurogenesis, making
ablation an imperfect approach to understanding what the neurons are doing
when they are present in the circuit (Singer et al. 2011).
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The question of cell death after TBI is an important one that has significant
functional relevance for the data presented here. I did not quantify the amount of
cell death in this model in this thesis, but it is important to consider what those
data might mean for the results I have presented. It is natural to think that any
type of injury to the brain would induce cell death due to a range of possible
reasons, including axonal stretching, ionic imbalance, excitotoxic glutamate
release, hyperactive inflammatory processes, and others. Part of the logic of
many scientists historically thinking that increased neurogenesis after injury
would be reparative is the idea that injury induces cell death, and increasing
neurogenesis is a way for the brain to “replace” those lost neurons. This makes
logical sense, but is inherently dependent on injury severity and the magnitude of
each of these changes. Previous work has quantified hippocampal cell death in a
moderate version of this injury model, and found an approximately 40% decrease
in neuron number in each of the hippocampal subregions considered (DG, hilus,
CA3, CA1) (Witgen et al. 2005). However, the injury parameters used in this
thesis are more mild (less severe) than that previous study, and presumably
induce less cell death. Even if the magnitude of cell death perfectly matched the
magnitude of the neurogenic increase, there is no guarantee (as discussed
above) that the new cells would perfectly “replace” the lost cells. While focused
more on the emerging concept of neuronal replacement via transplantation or
reprogramming, a recent perspective article highlights the complexity of this
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process in terms of cellular identity, connectivity, and transcriptional/translational
profile (Götz and Bocchi 2021).

In Chapter 2, I presented data showing that the volume of the GCL in LFPI mice
is not different from Sham mice at 3, 7, or 31 dpi (Clark et al. 2021). This is
important information in the context of the neurogenic changes seen in this
model. The volume data provide important clarity about the nature and
interpretation of the neurogenic changes. If the GCL volume was increased along
with the increase in neurogenesis, it’s possible that these two changes would
“mask” each other, and the density of neurogenesis would not be different. My
data show that in this model, GCL volume does not change but neurogenesis is
increased, pointing to a true increase in the numbers of new neurons; in other
words, a higher density of new neurons. This dimension is especially important
when comparing my results with other literature examining TBI and
neurogenesis, as some papers present density alone without raw numbers of
cells or GCL/DG volume.

In Chapter 3, I showed that microglia number in the GCL/hilus is increased in
LFPI mice 3 dpi (Fig. 3.2), but is not different from Sham mice 7 (Fig. 3.3) or 31
dpi (Fig. 3.4). As noted in the Chapter 3 discussion, microglia number is only a
starting point; these results don’t necessarily mean that neuroinflammation is
resolved by 7 dpi. There are other aspects to neuroinflammation, both microglia163

specific (morphology, gene expression) and related to other cell types
(astrocytes, infiltrating peripheral cells). The microglia number data should
therefore act as a guide for future investigation, rather than a comprehensive
picture of inflammatory processes after injury.

The temporal dimension of the data presented in this thesis is especially
interesting. Shortly after injury, microglia number is increased in addition to the
number of proliferating cells; this is followed up by increased newborn neurons
and finally, increased survival of injury-induced cells. It is entirely possible that
the neurogenic increase and the microglial increase are completely separate
phenomena, both induced in the DG shortly after mTBI. However, there is
evidence to suggest that these populations are actively influencing each other,
especially in a pathological context. Early work demonstrated that inflammatory
blockade after irradiation rescues hippocampal neurogenesis (Monje, Toda, and
Palmer 2003). Aberrant neurogenesis in response to seizures can be decreased
via TLR9 signaling in microglia (Matsuda et al. 2015). After status epilepticus, DG
microglia phagocytose otherwise viable newborn neurons and bring
neurogenesis levels back to control levels after an initial increase (Luo, Koyama,
and Ikegaya 2016). Rather than thinking of microglia being “good” or “bad” for
neurogenesis or injury recovery, it may be more useful to think of specific
microglial processes/functions as promoting or inhibiting specific features of the
injured brain. The work presented in this thesis does not directly address the
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relationship of microglia and neurogenesis after injury, but paves the way for
future studies to investigate this rich relationship (see section below).

4.4 Future directions for the project
There is an abundance of future directions for this project, many of which have
been alluded to already in the data chapter discussions.

One of the most straightforward follow-up experiments to complement the data
presented in Chapter 2 is to perform double labeling IHC for BrdU and NeuN on
31 dpi tissue. As discussed at length in the Chapter 2 discussion, we have many
reasons to believe that the surviving BrdU+ cells in the SGZ 31 dpi are adult-born
neurons, but double-labeling data would be the gold standard to demonstrate
that. A variety of factors has made that not feasible to pursue at the current
moment, but it is certainly high on the list for plans for the future of this project.
Along that vein, there are several other double-labeling IHC experiments that
could yield interesting insights. BrdU/DCX double-labeling of 7 dpi tissue would
be interesting to directly determine what proportion of the increased DCX+
population at the intermediate time point is from cells that were dividing 3 dpi.
DCX+/BrdU- cells do not mean those are not also injury-induced neurogenesis,
but they may have been a cohort that was not dividing at the time of BrdU
injection. Similarly, DCX/BrdU double labeling of 3 dpi tissue could shed light on
the timing of DCX expression in maturing cells in the injured brain. Finally,
165

BrdU/Ki67 double labeling in 3 dpi tissue would be especially interesting in light
of the data presented in Fig. 2.2 - increased Ki67+ cells but not (statistically
significant) increased BrdU+ cells in the SGZ 3 dpi. This could indicate cell cycle
dysfunction, an interesting topic not explored in this thesis. One cell population
not examined in this work is the neural stem cells in the SGZ; it is possible that
these cells undergo changes in location, morphology, or activation state that
could be influencing some of the downstream neurogenic changes after mTBI.
Immunostaining with a marker such as BLBP would be a good starting point to
address this question.

Another approach that would require a different experimental design would be to
label a different cohort of newborn cells by changing the timing of BrdU injection
relative to injury. There are endless options for this, but one of the most
interesting experiments would be to inject mice with a single dose of BrdU slightly
before LFPI or Sham surgery. The exact timing would depend on the question
one wanted to ask, but two of the most intriguing options are injecting
immediately before injury (to ask how mTBI affects cells that were already
dividing at the time of injury); and injecting 1 week prior to injury (to ask how
mTBI affects newborn neurons that are immature at the time of injury). One study
took this approach by injecting mice with BrdU 3 times per week for 3 weeks
before injury, with the last injection occurring 5 days before injury or Sham. When
they analyzed tissue taken 3 dpi, they observed a decreased number of
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immature neurons (DCX+ cells) and a decreased number of previously dividing
(BrdU+) cells. This suggests that while injury might stimulate an increase in the
neurogenic process in the days/weeks following injury, cells that are already in
the process at the time of injury may be vulnerable to cell death. This is important
to consider in the context of neurogenesis-dependent behavioral deficits after
injury, as neurogenesis-mediated behavior is extremely dependent on the age of
the cell; if a cohort of cells born before injury are dying off and “replaced” by a
larger number of newborn cells after injury, that would shift the age distribution of
adult-born granule cells and likely have an impact on behavioral performance.
These types of considerations highlight the importance of different approaches to
studying neurogenesis after TBI, because any single study is likely to provide
only a snapshot or a limited perspective on what is happening in the injured
brain.

Another experiment related to but not directly assessing the functional
significance of injury-induced neurogenesis is comparing the morphology of
newborn neurons in Sham vs. LFPI mice. There is evidence that after some
injury models, newborn neurons have altered cellular morphology. For example,
5 weeks after a moderate CCI, adult-born neurons (labeled 1 day before injury
with a fluorescent retrovirus) showed decreased dendritic complexity; this was
true for both appropriately located cells as well as cells that had aberrantly
migrated to the outer GCL, but the effect was stronger in the aberrant cells
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(Ibrahim et al. 2016). Interestingly, a different study found that cells born 5 days
post-injury had altered morphology 14 dpi: dendritic branching occurred closer to
the soma, and there were a greater overall number of branches and branch
length (Laura E. Villasana et al. 2015b). In a different set of mice, these
morphological changes in newborn cells persisted to at least 4 weeks post-injury,
and there was more overall heterogeneity of dendritic branch morphology. While
these reports may seem contradictory, they actually highlight the complexity of
the central issue: timing. These papers labelled cells at different times in relation
to the injury, and measured their morphology at different time points post-injury
(and different ages of the cells). This means that when we talk about changes in
neurogenesis and newborn neurons after TBI, it is critical to be specific about
exactly what population of cells is being referred to, considering the timing of
their birth in relation to injury; the timing of the assay in relation to injury; and the
pure age of the cells themselves.

Neuronal morphology may not seem as important as neuronal function, but these
two features are fundamentally related to each other. Especially in such a
laminar and highly stereotyped brain structure as the dentate gyrus, the
morphology of a cell and the location of its processes and cell body help
determine what cells it forms connections with, both pre- and post-synaptically.
Therefore, neuronal morphology can influence not only the computational
properties of the neuron itself, but the organization of the circuitry itself.
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This leads into another exciting direction to take this project in the future:
determination of how synaptic connectivity of newborn neurons is altered after
mTBI. Similar to the discussion above, if these injury-induced newborn cells have
altered morphology, they could very well be receiving different synaptic inputs
(and sending different synaptic outputs) than newborn neurons in a healthy brain.
This could be tested by doing electrophysiology on newborn cells after Sham or
injury, and comparing their spontaneous synaptic activity or postsynaptic
potentials in response to stimulation of a certain cell type. Alternatively, one could
use a rabies virus approach to determine synaptic partners of newborn neurons
in injured vs. Sham animals. All of these experiments would hold great interest
for the TBI field, as results could point toward a more specific focus of circuit
dysfunction that could then be targeted or manipulated for therapeutic potential.

Speaking of cell manipulation, one of the biggest questions left to answer is if the
injury-induced increase in neurogenesis shown here is beneficial or detrimental
to hippocampal circuit function and cognition. One of the most interesting and
impactful directions this project could go in the future is testing this question by
directly manipulating the activity of injury-induced newborn neurons and
measuring outcomes of interest such as DG activity and performance on
spatial/contextual memory tasks. For example, by injecting a retroviral vector
containing an inhibitory DREADD or opsin into the DG shortly after injury, the
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cells born at this time would express that protein. Then, at a time point of interest
(such as 7 or 31 dpi), the animals could receive CNO or light stimulation to
silence the cohort of newborn neurons labeled with the retrovirus. By measuring
electrical activity and behavioral performance while the newborn neurons are
electrically silencing, one could determine what kind of role they’re playing in that
outcome measure. Because the cells would only be silenced during the assay of
interest, the concern about compensatory mechanisms after ablation could be
avoided. However, this experiment may not be as straightforward as it sounds,
particularly when testing cognitive performance in a complex task such as pattern
separation. Certain behavioral tasks go on for much longer than a single trial in a
single day; there are often many stages of training before the actual task, and
then many repeated days of the animal performing the task itself. This brings
back the issue that we keep returning to: timing. During which stages of the
behavioral task should the neurons be silenced? This is not an easy question to
answer, and would have to depend on factors including the specific task being
used; the age of the cells; the time of testing post-injury; and when the cells were
born relative to injury. Notably, these factors are not independent and require
very careful consideration to parse.

As mentioned earlier in this chapter, quantification of cell death in the DG in this
injury model could add clarity to the interpretation of the neurogenesis results. Is
there a substantial amount of cell death in the DG after mild LFPI? Does cell
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death differ between subregions or cell types? Does the amount of cell death
match the extent and time course of the neurogenic increase? Staining for cell
death markers such as Fluoro-Jade at different time points post-injury could shed
light on these questions.

Most of the future directions discussed above have focused on experiments to
expand on the neurogenesis component of this project. There are also lots of
directions to go from the transient increase in microglia number presented in
Chapter 3. As mentioned in the Chapter 3 discussion, the microglia data
presented here show the number of microglia in the combined hilus and GCL.
We chose to quantify microglia this way initially based on visual observations of
the tissue. Now that we know that hilus/GCL microglia numbers are increased 3
dpi (but not 7 or 31 dpi), it would be interesting to probe the specifics of where
this increase originates. Gross visual impressions suggest that the increase is in
the hilus, where there appeared to be more microglia overall (in both Sham and
LFPI tissue; Fig. 3.1D). This is especially interesting in the context of work
looking at changes in mossy cells after TBI. Earlier work demonstrated that
dentate granule cell hyperexcitability is dependent on the hilus; this group
proposed the “irritable mossy cell” hypothesis, suggesting that surviving hilar
mossy cells contribute to post-injury DG hyperexcitability (Santhakumar et al.
2000). More recently, another group found injury-induced mossy cell hypertrophy
in a pig model of TBI; this was correlated with a change in microglia density
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proximal to mossy cells, but no overall hilar microglia density change (Grovola et
al. 2020). While there is not a clear mechanism of microglia-mossy cell-granule
cell interaction that emerges from these studies, they suggest that changes in
one cell population should be considered in the context of the surrounding cell
populations; all of these cells can interact with each other, and the nature of
those interactions is likely altered after injury. After thorough comprehension of
changes in cell populations after injury, it would be intriguing to investigate
differences in interactions between these cell types after injury.

The data presented in Chapter 3 are strictly about the number of microglia.
However, cell number is not everything, and there are many changes microglia
could undergo that aren’t reflected by number. In particular, several groups have
examined microglia morphology after injury and found varying degrees of
polarization and hypertrophy. After a moderate CCI, microglia remain
hypertrophic and with a “bushy” morphology for at least 12 weeks post-injury
(Henry et al. 2020). Similarly, another group found more amoeboid microglia in
the ipsilateral and contralateral hippocampus 1 and 28 days after a moderate-tosevere CCI (Caplan et al. 2020). In a pig model of TBI, microglial morphology is
changed in the hilus and molecular layer as early as 3 dpi and lasting up to 1
year post-injury (Grovola et al. 2021). In addition to these studies, many other
groups have found changes in microglia morphology and/or gene expression
after TBI (Witcher et al. 2018, 2021; Morrison et al. 2017; Kumar et al. 2016;
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Katsumoto et al. 2018; Fenn et al. 2015). Just because microglia number is not
different between Sham and LFPI mice 7 or 31 dpi in this injury model (Figs. 3.3,
3.4) doesn’t mean the microglia aren’t different. Morphological and/or gene
expression analysis could help determine whether microglia at the intermediate
and long-term time points are truly “back to baseline”.

Most of the future directions discussed above involve going deeper into injuryinduced neurogenesis or injury-induced microglial activation. An underexplored
area that is ripe for investigation is the interaction between these two cell types.
As discussed in Chapter 1, even in a physiological context there is a close
relationship between microglia and newborn neurons (Pérez-Rodríguez, BlancoLuquin, and Mendioroz 2021). This relationship is poorly understood in the
context of injury, especially given the ambivalent roles of microglia themselves in
injury. However, the data presented here in Chapters 2 (Clark et al. 2021) and 3,
in combination with several studies looking at how microglia interact with new
neurons, raise some interesting questions. Given that microglial phagocytic
activity is required for maintenance of neurogenesis, could it be that the increase
in neural proliferation causes an increase in microglial activity to deal with the
higher number of dividing cells? Alternatively, could it be that increased microglial
activity in response to brain injury prompts an increase in neurogenic proliferation
to replace lost neurons and/or synapses? The truth is likely not as simple as
either of these alternatives, but can be tested by depleting one of these
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populations and measuring how the other responds in the injured brain.
Alternatively, there are other histology-based ways to assess this relationship.
Similar to the way (Grovola et al. 2020) measured microglia proximity to and
contacts with mossy cells, this type of analysis could be done looking at microglia
and newborn neurons. Some groups have even measured the phagocytic activity
of microglia by looking at phagocytic cups (Nelson, Warden, and Lenz 2017;
Perez-Pouchoulen, VanRyzin, and McCarthy 2015); combining this assessment
with double labeling for microglia and newborn neurons could give insight into
their relationship. More simply, examining the correlation between microglia and
newborn neuron numbers in individual animals might shed light on this
relationship. A final related option would be to stain for complement initiation
components and examine their distribution in the dentate gyrus (Krukowski et al.
2018), which could point to the ways microglia are helping to remodel the
circuitry.

An additional critically important direction for this project is to look at sex
differences in the neurogenic and microglial response to injury. The vast majority
of research in the TBI field (including the work presented here) uses male
rodents, with a couple of research groups including male and female rodents
pooled together (Laura Elena Villasana et al. 2019; Yu, Kim, and Kernie 2015).
Despite the fact that sex hormones regulate various stages of neurogenesis in
the adult rat (Galea et al. 2006), baseline neurogenesis is not different between
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male and female mice (Lagace, Fischer, and Eisch 2007). Microglia are also
known to be sexually dimorphic (Nelson, Warden, and Lenz 2017; Lenz et al.
2013); even their influence on neonatal neurogenesis is sex-dependent (Nelson,
Peketi, and Lenz 2020). There are some studies suggesting sex differences in
the brain’s response to injury (Rahimian, Cordeau, and Kriz 2018; Acaz-Fonseca
et al. 2015; Newell et al. 2019), but no comprehensive analysis of sex differences
in injury-induced neurogenesis and microglia. This will be critical to examine in
TBI research, especially given the conflicting but growing body of literature
documenting sex and gender influences on injury outcome in humans (Gupte et
al. 2019). Finally, it is essential to recognize that human gender, and even
biological sex, is not a simple binary (Ainsworth 2015; Joel 2021); these are
complex combinations of social and biological factors that will have to be
carefully considered if TBI research is to be fully inclusive of the diversity of
humans who experience brain injuries (Giordano et al. 2020).

Together, the data presented in this thesis suggest a transient increase in
proliferation and neurogenesis, leading to increased survival of newborn neurons
in injured mice, and this neurogenic increase is accompanied by microglial
activation at the short-term time point. These results provide essential
spatiotemporal detail to the literature on injury-induced neurogenesis and identify
a therapeutically relevant window for immune modulation.
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